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SCIENTIFIC 


PREFACE. 


This  little  book  is  intended  to  serve  as  an  elementary 
introduction  to  the  study  of  the  testing  of  continuous- 
current  dynamo  machinery. 

The  use  of  mathematics  has  been  avoided  as  far  as 
possible,  results  and  inferences  bemg  discussed  in  con- 
nection with  curves  obtained  in  the  experiments. 

It  is  hoped  that  the  descriptions  of  the  experiments 
comprised  in  the  following  j)ages  may  be  found  useful 
by  students,  by  assistants  in  testing  rooms,  and  by  the 
rapidly  increasing  number  of  engineers  who  are  only 
slightly  acquainted  with  electrical  work,  but  who  are 
brought  into  contact  mth  electrical  machinery,  and  wish 
to  be  able  to  check  the  performance  of  the  machines 
under  their  charge. 

Advantage  has  been  taken  of  the  issue  of  a  second 
edition  to  thoroughly  revise  the  original  matter,  and  to 
make  substantial  additions  amounting  in  all  to  about 
one-quarter  of  the  present  text. 

The  section  dealing  with  the  determination  of  the 
losses  in  dynamos  and  motors  has  been  entirely  re-written, 
and  several  methods  which  have  sho\Mi  themselves  to 
be  of  value  have  been  added.  A  description  of  Field's 
test  for  series  motors  and  instructions  for  the  parallel 
running  of  dynamos,  as  well  as  some  additional  and 
instructive  experiments  on  shunt,  series  and  compound 
motors,  form  the  chief  other  additions.  It  is  hoped  that 
the  new  material  will  be  found  of  value  by  more  advanced 
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students  and  may  increase  the  general  usefulness  of  the 
book. 

The  author  wishes  to  make  acknowledgment  to  Mr. 
G.  D.  Aspinall  Parr  for  kindly  supplying  curves  from 
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opportunity  of  thanking  his  former  colleagues,  Mr.  U.  A. 
Oschwald,  B.A.,  and  Mr.  W.  H.  F.  Murdoch,  B.Sc,  for 
their  zeal  in  reading  through  the  proofs  and  making  many 
valuable  suggestions. 
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THE      PRACTICAL    TESTING     OF 
DYNAMOS     AND     MOTORS. 


CHAPTER    I. 

Prelimixary. 

General  Purpose  of  Tests — Experiments  upon  dynamos 
and.  motors  are  carried  out  for  a  variety  of  purposes. 
Usually  they  have  only  the  general  object  of  discovering 
whether  a  machine  complies  with  a  specification,  or  is  able 
to  supply  a  certain  amount  of  power.  By  carefully  watch- 
ing the  behaviour  of  a  dynamo  or  motor  when  working 
under  specially  regulated  conditions,  it  is,  however, 
possible  to  learn  a  great  deal  about  its  construction  and 
the  merits  of  various  points  in  its  design. 

Also,  it  is  by  actually  experimenting  with  electrical 
machines,  and  determining  the  effects  of  different  con- 
ditions, or  methods  of  construction,  that  a  sound  know- 
ledge of  the  underlying  principles  can  be  most  surely 
gained. 

In  the  following  pages  the  methods  of  carrying  out 
a  number  of  tj^pical  tests  and  measurements  are 
described,  and  some  of  the  conclusions  to  be  drawn 
from  the  results  are  pointed  out.  The  experiments  are 
arranged  in  a  progressive  series,  so  as  to  illustrate 
successively  the  functions  of  the  various  elements  of  the 
machines,  and  at  the  same  time  to  suggest  an  outline  of 
the  tests  which  might  well  be  carried  out  by  a  young 
engineer  in  order  to  make  himself  familiar  with  the 
behaviour  of  a  d\Tiamo  or  motor  under  different  con- 
ditions. 

It  may  be  weU  to  begin  by  drawing  attention  to  a  few 
rules  and  cautions  of  a  practical  nature  Avhich  should  be 
observed,  especially  by  inexperienced  experimenters. 
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Practical  Hints — (a)  Draw  a  complete  diagram  of  con- 
nections before  making  the  actual  connections  for  an 
experiment.  Be  sure  that  the  actual  connections  corre- 
spond exactly  with  the  diagram.  Alter  the  diagram  to 
suit  any  modifications  in  the  connections  found  necessary 
when  carrying  out  the  experiment. 

(b)  Use  thinner  wires  for  connections  to  voltmeters, 
and  in  branch  comiections  in  which  there  is  only  very 
small  current.  This  rule  is  superfluous  in  cases  where 
large  currents  flow  in  the  main  circuit,  as  in  such  cases  it 
is  obviously  more  convenient  to  use  thinner  wires  where 
possible.  The  same  rule  should,  however,  also  be  carried 
out  in  cases  where  a  small  wire  would  suffice  for  the 
main  current,  because  the  yarious  cormections  can  be 
more  rapidly  traced  out,  and  mistakes  are  more  easily 
avoided.  In  the  diagrams  of  connections  given  later,  the 
distinction  between  main  conductors  and  branch  con- 
nections is  indicated  by  the  use  of  thick  and  thin  lines. 

(c)  Always  insert  a  switch  in  the  main  circuit,  even  in 
cases  where  it  is  easy  to  start  and  stop  the  machine. 

(d)  Remember  that  the  resistance  of  both  the  arma- 
ture conductors  and  field  windings  of  a  dynamo  or  motor 
increases  as  they  become  heated  during  a  run.  In  a 
machine  which  has  been  standing,  the  resistance  is  there- 
fore lower  than  when  the  machine  is  actually  undergoing 
a  test. 

(e)  When  the  reading  of  any  instrument  is  not  the 
actual  value  of  the  quantity  measured,  record  the  actual 
readings  of  the  instrument  as  well  as  the  number  of 
volts,  amperes,  &c.,  to  which  the  readings  correspond. 
In  most  cases  this  wiU  necessitate  two  columns  of  figures 
in  ihe  note  book  for  each  set  of  readings,  namely,  one  for 
the  reading  of  the  instrument,  headed  "  reading,"  and 
one  for  the  equivalent  actual  value,  headed  "  true 
value."* 

(/)  Make  a  note  of  the  instrument  used  for  each  set 
of  measurements,  so  that  it  can  be  identified  afterwards, 

*  In  the  headings  given  later  as  examples  of  the  method  of  entering  up 
observations,  separate  columns  for  "reading"  and  "true  value"  have  not 
always  been  given.  This  course  has  been  adopted  in  order  to  keep  the  tables 
as  compact  as  possible  ;  a  further  subdivision  of  the  columns  must,  therefore, 
be  made  where  uecessarj\ 
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if  necessary.  Instruments  usually  have  a  maker's  number 
stamped  upon  them,  which  it  is  convenient  to  use  for 
this  purpose. 

(g)  Take  care  to  avoid  errors  of  reading  in  using 
instruments  which  are  affected  by  magnetic  fields,  such  as 
the  fields  due  to  currents  flowing  in  conductors  near  them. 
Most  instruments,  except  electrostatic  voltmeters,  hot- 
wire instruments,  and  some  instruments  of  the  dead-beat 
moving  coil  type,  are  strongly  affected  by  any  external 
magnetic  field.  They  should  therefore  be  placed  at  a 
considerable  distance  from  any  dynamo  or  motor,  and 
as  far  as  possible  from  conductors  carrying  heavy  currents. 
The  effect  of  a  "  stray  "  field  can  often  be  detected  by 
the  motion  of  the  needle  caused  by  starting  and  stopping 
the  current  in  the  conductors  before  the  instrument  is 
connected  up.  The  fact  that  no  deflection  can  be  detected 
under  these  circumstances  is  not  a  proof  that  the  readings 
of  the  instrument  will  be  entirely  unaffected. 

{h)  Keep  a  "  calibration  curve  "  for  each  instrument. 
Every  instrument  must  from  time  to  time  be  compared 
with  a  standard  instrument,  or  calibrated  in  some  other 
way.  A  curve  should  then  be  plotted  showing  the  true 
value  corresf)onding  to  actual  readings  on  the  instrument. 
This  "  calibration  curve  "  should  afterwards  always  be 
used  for  correcting  readings  taken  on  the  instrument. 
The  calibration  must  be  repeated  at  short  intervals  in 
order  to  avoid  errors.  A  slight  jar,  the  fact  of  being 
placed  near  a  conductor  carrying  current,  the  gradual 
alteration  in  the  strength  of  the  permanent  magnets  and 
weakening  of  the  springs  of  the  instruments,  are  all 
sufficient  to  cause  variation  in  the  readings.  Tacho- 
meters and  speed  counters  must  also  be  checked  from 
time  to  time  by  means  of  a  hand  counter  and  stop  watch. 

{i)  When  a  series  of  readings  is  to  be  taken,  they 
should  be  taken  in  a  regular  sequence,  i.e.,  either  for 
increasing  or  for  decreasing  values  of  the  variable  quantity. 
If  possible,  a  curve  showing  the  result  of  the  readings 
should  be  roughly  plotted  as  the  readings  are  taken. 
This  will  be  of  service  in  showing  at  what  intervals 
readings  would  be  of  most  value,  and  so  make  it  unnecessary 
to  interpolate  isolated  readings  afterwards,  when  it  may 
be  difficult  to  imitate  exactly  the  previous  conditions  of 
the  experiment. 
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(k)  Too  much  reliance  should  never  be  placed  upon  a 
single  reading  or  observation.  If  the  observation  forms 
one  of  a  series,  its  accuracy  can  generally  be  confirmed 
by  comparison  (usually  by  means  of  a  curve)  with  the 
other  readings.  If  this  is  not  possible,  the  reading  should 
be  taken  several  times,  preferably  with  the  conditions 
varied  each  time,  so  that  the  actual  readings  on  the 
instruments  do  not  remain  the  same. 

{I)  It  is  to  be  remembered  that  all  voltmeters  (except 
electrostatic  voltmeters)  take  a  smaU  amount  of  current. 
In  most  cases  the  smallness  of  the  current  makes  it 
negligible,  but  where  the  main  current  is  small,  or  excep- 
tional accuracy  is  required,  this  may  be  no  longer 
permissible.* 

(m)  WTien  readings  are  taken  on  instruments  having 
a  torsion  head  {e.g.,  torsion  voltmeters,  Siemens  dynamo- 
meters, and  wattmeters,  &c.),  the  pointer  should  be 
moved  into  the  position  of  balance  first  from  one  direction 
and  then  from  the  opposite  direction  for  each  reading. 
This  is  a  necessary  precaution  on  account  of  the  tendency 
of  the  swinging  pointer  to  stick  slightly  to  one  side  of 
the  position  of  balance,  especially  where  the  spring  is 
only  very  slightly  distorted. 

(n)  Many  instruments  (especially  ammeters  having 
a  shunt  composed  of  a  different  metal  from  the  moving 
coil  and  electromagnetic  voltmeters  which  have  a  com- 
paratively low^  resistance)  alter  their  readings  slightly 
after  being  connected  to  the  circuit  for  some  time.  This 
is  due  to  the  gradual  warming  of  the  windings  and  the 
consequent  alteration  in  their  resistance, 

(o)  When  running  a  machine,  do  not  neglect  the 
lubrication  of  the  bearings  or  the  adjustment  of  the 
brushes.  If  the  machine  is  provided  with  ring  lubricators 
see  that  the  rings  revolve  properly  and  carry  oil  with  them. 
If  there  is  too  much  oil  in  the  oil  chamber,  it  will  hinder 
the  rotation  of  the  rings.  If  the  lubrication  is  by 
"  syphon  "  or  "  sight-feed,"  see  that  the  action  is  slow 
and  regular.  Adjust  the  brushes  after  each  variation 
of  load  if  there  is  any  sign  of  sparking. 

*  A  Cardew  hot-wire  voltmeter  takes  about  0"3  ampere  at  its  full  reading. 
Other  types  of  voltmeter  usually  take  less  than  this.  The  current  in  a  good 
dead-beat  type  of  voltmeter  is  usually  very  small — probably  about  iJo  ampere. 
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{p)  When  a  number  of  readings  on  various  instru- 
ments have  to  be  taken  at  once,  it  is  usually  important 
that  they  should  be  taken  simultaneously,  to  avoid  errors 
caused  by  the  fluctuation  to  which  the  quantities  to  be 
measured  are  liable.  If  several  observers  are  taking  the 
readings,  a  signal  should  be  given,  so  that  they  may  note 
their  readings  at  the  same  moment. 

(q)  A  precaution  which  should  be  observed  in  making 
measurements  of  the  efficiency  or  of  the  losses  in  dynamos 
or  motors,  is  to  run  the  machine  for  several  hours  (the 
time  depending  on  the  size  of  the  machine)  to  make  sure 
that  the  bearings  and  brushes  have  assumed  their  normal 
running  condition.  It  is  found  that  the  friction  in  the 
bearings,  due  partly  to  the  circulation  and  warming  of 
the  oil,  takes  a  considerable  time  to  reach  a  constant 
value.  The  necessity  for  allowing  the  machine  windings 
to  arrive  at  their  normal  working  temperature  has  been 
referred  to  under  (d). 

(r)  Curve  Plotting. — In  plotting  results  of  an  experi- 
ment, the  quantity  which  is  directly  controlled  and 
made  to  vary  should  be  plotted  horizontally.  The 
quantity  whose  value  it  is  the  object  of  the  measurement 
to  observe  is  to  be  plotted  vertically.  Thus,  in  taking 
the  magnetisation  curve  of  a  dynamo,  the  excitation  is 
varied,  while  the  resulting  voltage  is  observed.  Amperes 
are  consequently  plotted  horizontally,  and  volts  vertically. 

If  the  zero  point  is  known  to  be  a  point  on  the  curve, 
the  scale  should  usually  be  so  chosen  that  both  horizontal 
and  vertical  scales  start  from  zero.  An  additional  point 
(viz.,  the  zero  point)  on  the  curve  is  thus  obtained. 

In  choosing  the  scales  for  plotting  observations,  the 
degree  of  accuracy  attainable  in  the  readings  must  be 
taken  into  account.  Thus,  if  an  ammeter  is  employed 
which  cannot  be  read  with  greater  accuracy  than 
J  ampere,  it  is  useless  to  have  an  ampere  scale  which  is 
much  more  finely  divided  than  this. 

(s)  A  frequent  cause  of  irregularity  in  results  obtained 
in  experiments  is  variation  in  the  field  strength  which 
is  not  shown  on  an  ammeter  in  the  field  circuit.  Suppose 
the  field  is  required  to  be  maintained  constant.  An 
ammeter  is  placed  in  the  field  circuit  and  a  resistance  is 
regulated  from  time  to  time  in  order  to  maintain  the 
field  current  constant.     If  a  slight  rise  of  voltage  occurs. 
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the  cnrrent  increases,  and  is  then  brought  back  to  its 
original  value  by  the  insertion  of  more  resistance,  no 
notice  being  taken  of  the  fact  that  hysteresis  may  have 
caused  the  f.eld  to  have  assumed  a  greater  strength. 
Subsequently  the  voltage  may  fall  again,  and  the  ciirrent 
is  readjusted  but  the  field  strength  will  have  become  less. 
To  avoid  errors  due  to  this  cause  in  the  case  of  delicate 
measurements  the  experimenter  must  be  careful  always 
to  work  on  the  same  limb  of  the  magnetisation  curve, 
i.e.,  he  must  attain  the  required  excitation  by  always 
increasing  or  by  always  decreasing  the  field  current  to 
its  correct  value. 

{t)  Attention  may  be  called  to  a  convenient  method 
of  obtaining  a  variable  voltage,-  or  varying  the  current  in 
a  circuit  (especially  when  the  current  is  small,  as  for 
instance,  in  the  shunt  circuit  of  a  dynamo  or  motor), 
when  a  sj^ecially  great  range  of  voltage  is  required. 

A  resistance  having  terminals  at  each  end  and  a  moving 
contact  point  connected  to  a  third  terminal  is  required. 
The  supply  mains  are  connected  to  the  end  terminals 
a  c  of  the  resistance  (see  Fig.  1),  while  the  circuit  which 
is  to  be  supplied  at  a  variable  voltage  is  connected  to  one 


T 
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Fig.  1.— Diagram  showing  Method  of  Obtaining  Variable  Voltage. 

of  the  end  terminals  and  to  the  moving  contact  point  as 
a  and  h.  It  is  then  evident  that  as  h  is  moved  nearer  to  a, 
the  difference  of  potential  between  a  and  h  is  diminished, 
while  the  closer  h  comes  to  c  the  more  nearly  doei  the 
voltage  between  a  and  h  become  equal  to  the  voltage  of 
the  supply  between  a  and  c.  By  moving  the  contact  h 
successively  from  a  to  c  it  is  thus  possible  to  obtain  a 
voltage  in  the  circuit  supplied  varying  from  zero  to  the 
full  difference  of  potential  of  the  mains.^  The  resistance 
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must,  of  course,  be  suitable  as  regards  value  and 
carrying  capacity  for  connection  across  the  supply 
voltage. 

This  method  of  regulation  may  be  advantageously 
employed  instead  of  a  resistance  in  series  with  the  circuit 
in  many  cases  where  the  current  required  is  small  and 
where  a  considerable  variation  of  voltage  is  required. 

Many  resistance  frames  can  easily  be  adapted  to 
this  use  by  adding  a  terminal  to  one  end  of  the  wire 
forming  the  resistance.  For  instance,  an  ordinary 
resistance  frame  will  probably  have  only  two  terminals 
corresponding  to  points  a  and  h  (Fig.  1).  By  making  a 
connection  from  c,  the  other  end  of  the  resistance  wire, 
to  a  third  terminal,  the  resistance  (if  of  sufficient  resist- 
ance and  carrying  capacity)  may  be  used  in  the  manner 
described.  As  a  typical  example  of  the  use  of  this  method 
of  obtaining  a  variable  voltage.  Experiment  Y.,  the 
Determination  of  the  Magnetisation  Curve  of  a  DjTiamo, 
may  be  referred  to.  The  diagram  of  connections  (see 
Fig.  9,  p.  33)  shows  a  resistance  R  in  series  with  the  field 
for  regulating  the  excitation.  In  this  experiment  a  very 
great  variation  in  exciting  current  is  required,  i.e.,  it  is 
required  to  vary  R  to  such  an  extent  that  in  one  case  it 
absorbs  none  of  the  voltage  of  the  supply,  so  that  the 
field  current  has  its  maximum  value,  while  at  another 
point  in  the  experiment  it  is  required  that  R  shall  absorb 
nearly  all  the  voltage  of  the  mains,  so  that  the  field  current 
is  very  small.  The  voltage  taken  up  by  the  resistance  R 
is  numerically  equal  to  the  product  of  current  and 
resistance ;  the  current,  especially  as  the  excitation 
approaches  the  minimum  value,  is,  however,  very  low, 
consequently  R  must  in  this  case  have  a  very  high  value 
indeed — often  several  hundred  ohms  would  be  necessary 
to  get  the  lower  points  on  the  curve.  A  resistance 
having  a  range  from  zero  to  several  hundred  ohms  and 
the  necessary  current-carrying  capacity  may  not  be 
available,  and,  in  any  case,  a  much  smaller  and  less 
cumbrous  resistance  wiU  perform  the  same  duty  if  con- 
nected in  the  manner  shown  in  Fig.  1. 

For  the  sake  of  uniformity,  resistances  for  varying  the 
voltage  in  a  circuit  are  usually  sho\\Ti  as  series  resistances 
in  the  diagrams  which  follow.     The  student  should  be 
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guided  by  his  o^ai  judgment  and  by  the  apparatus 
which  is  at  his  disposal  as  to  the  arrangement  which  he 
adopts  in  each  case. 


CHAPTER    II. 

Measurement  of  Armature  and  Field  Resistances. 

It  is  important  to  determine  the  electrical  resistance 
of  the  various  conductors  in  a  dynamo  or  motor.  The 
usual  method  of  resistance  measurement  by  the  Wheat- 
stone  Bridge  is  generally  not  sufficiently  accurate  for 
measuring  the  resistance  of  the  armature  or  series  magnet 
winding,  because  these  resistances  are  so  small.  Four 
methods  for  measuring  these  small  resistances  are  given 
of  different  degrees  of  sensitiveness. 

Descriptions  of  the  measurement  of  resistances  by 
various  forms  of  Wheatstone's  Bridge  are  given  in 
electrical  text  books,  and  need  not  be  repeated  here. 

Before  describing  the  more  delicate  methods  of 
resistance  measurement,  the  following  simple  method, 
which  is  often  sufficiently  accurate  for  small  machines 
whose  armature  resistance  is  not  too  low*  is  given.  The 
instruments  required  are  a  voltmeter  (reading  low  voltages 
accurately,  if  used  for  armature  resistances)  and  an 
ammeter. 

Experiment  I. — Measurement  of  Armature  Resistance. 

Method  1. — By  Voltmeter  and  Ammeter. 

Diagram  of  Connections. 


- — J\N\f\I\j — -- 
R 
Fig.  2.— Measurement  op   Armature   Resistance. 


See  footnote,  page  13. 
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D  Dynamo  armature  (stationary). 

R  Resistance. 

C  Source  of  current — either  2  or  3  secondary  cells  or 
power  mains. 

A  Ammeter. 

V  Voltmeter. 

S  Switch. 

Connections — Connect  in  series  with  the  terminals  of 
the  dynamo  of  which  the  armature  resistance  is  to  be 
measured,  an  ammeter,  switch,  the  source  of  current 
(cells  or  current  mains),  and  a  resistance  of  a  magnitude 
sufficient  to  reduce  the  current  to  a  convenient  value. 
Also  connect  a  voltmeter  to  the  points  between  which  the 
resistance  is  to  be  measured.  If  the  resistance  of  the 
armature  winding  alone  is  to  be  determined,  the  voltmeter 
leads  may  be  connected  to  a  pair  of  commutator  segments 
under  opposite  magnet  poles  by  inserting  them  between 
the  brushes  and  commutator,  allowing  each  wire  to  make 
contact  with  one  segment  only. 

If  the  total  internal  resistance  of  the  dynamo  from 
terminal  to  terminal  is  to  be  measured,  the  voltmeter 
must  be  connected  to  the  terminals  of  the  machine. 

By  taking  readings  on  the  voltmeter  with  its  terminals 
connected  successively  to  the  dynamo  terminals,  to  the 
brush  holder  and  to  the  commutator  segment  under  the 
brush,  the  resistance  from  terminal  to  terminal,  from 
brush  to  brush  (including  the  resistance  of  the  armature, 
brush  contact,  and  brushes),  and  the  resistance  of  the 
armature  alone  may  be  separately  determined.  By 
subtraction  the  resistance  of  the  brushes  and  contact 
surfaces  and  of  the  leads  between  the  brush  holders  and 
terminals  may  be  obtained. 

Instructions. — Close  the  switch  and  take  simultaneous 
readings  on  the  ammeter  and  voltmeter,  after  adjusting 
the  resistance  R,  to  give  the  readings  suitable  values. 

Repeat  the  readings  several  times  with  different 
values  of  the  current. 

The  value  of  the  armature  resistance  is  obtained  by 
dividing  the  current  in  the  circuit  by  the  value  of  the 
voltage  at  the  armature  terminals,  since  by  Ohm's  law 

Resistance  =  7=: ^ 

Current 
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The  results  of  the  measurement  should  be  entered  on 
a  form,  as  shown  below. 

Measurement  of  Armature  Resistance. 

Date Observer    

Dynamo  No Type  of  armature 

Output volts....    amperes  at.... revs,  per  min. 


Volts  across 

Resistance  between 

CuiTent. 

Terminals. 

Brush 
holders. 

Commu- 
tator. 

Terminals. 

Brush 
holders. 

Segments. 

Mean  values 

The  readings  should  be  taken  for  a  number  of  different 
values  of  the  current,  as  it  will  be  found  that  the  contact 
resistance  will  vary  considerably  with  the  strength  of 
the  current,  where  carbon  brushes  are  used.  As  this 
contact  resistance  bears  a  fairly  large  ratio  to  the  total 
resistance  between  the  armature  terminals,  it  will  be 
desirable  to  mention  some  of  the  factors  upon  which  it 
depends.  The  resistance  decreases  as  the  strength  of 
the  current  is  increased.  It  is  therefore  interesting  to 
plot  a  curve  with  values  of  the  armature  current  plotted 
horizontally,  and  resistance  measured  vertically,  so  as 
to  be  able  to  see  at  a  glance  the  effect  of  current  density  on 
the  contact  resistance.  From  such  a  curve  it  would  be 
found  that  the  contact  resistance  for  a  copper  brush  is  very 
small,  and  only  decreases  slightly  as  the  current  is  increased. 
The  contact  resistance  in  the  case  of  a  carbon  brush  is  much 
larger  (more  than  10  times  as  great  for  the  same  area), 
and  decreases  with  an  increased  current  density  so  rapidly 
as  to  make  the  product  (current)  x  (contact  resistance) 
almost  a  constant.  The  curve  resembles,  therefore,  part 
of  a  rectangular  hyperbola  with  the  axes  as  asymptotes. 

In  order  to  ascertain  the  resistance  of  the  contact 
under  working  conditions,  it  would  evidently  be  most 
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accurate  to  determine  its  value  with  approximately  the 
normal  working  current.  In  making  calculations  of  the 
power  lost  in  this  resistance,  it  is  niost  accurate  to 
take  the  value  of  the  resistance  corresponding  to  any 
given  current  from  a  curve  plotted  as  described  above. 
It  is  more  usual,  and  generally  accurate  enough  to  take 
a  single  mean  value  for  all  currents. 

The  pressure  with  which  the  brushes  are  applied  to 
the  commutator  has  a  considerable  influence  on  the 
contact  resistance.  This  pressure  should  therefore  be 
regulated  to  its  correct  value  before  the  readings  are 
taken.  The  resistance  is  smaller,  the  greater  the  brush 
pressure.  If  the  brushes  press  too  hard  on  the  commutator, 
however,  the  friction  wiU  be  excessive,  and  undue  heating 
wiU  result  from  this  cause. 

The  brushes  must  be  thoroughly  well  bedded,  so  as 
to  make  contact  over  the  whole  of  their  surface.  This 
can  only  be  insured  by  prolonged  running  without  any 
adjustment  of  the  holder.  Also  the  commutator  must 
be  made  as  clean  as  possible,  a  film  of  grease  or  dirt 
making  a  very  great  difference  to  the  value  of  the 
resistance. 

The  following  figures  may  be  taken  as  an  approximate 
guide  as  to  the  maximum  current  density  and  usual 
brush  pressures  employed. 


Maximum 

Maximum 

Pressure  on 

Resistance 

Current  Density 

Commutator 

of  Contact 

amps.per  scj.  in. 

lbs.  per  sq.  in. 

per  sq.  in. 

Carbon  brushes.  .        40 

1-5  —20 

•04 

Copper  brushes..  150-200 

1-25     1-5 

•003 

The  figures  given  for  the  resistance  are  those  corre- 
sponding to  average  current  density  and  pressure. 

Careful  measurements  have  shown  that  the  speed  of 
the  commutator  affects  the  contact  resistance  of  the 
brushes,  and  if  extremely  exact  results  are  required,  the 
resistance  must  be  measured  with  the  machine  in  motion. 
This  is  extremely  difficult  to  do  accurately  in  an  actual 
dynamo  on  account  of  the  residual  magnetism  in  the  field, 
which  generates  anE.M.F.  in  the  armature  windings,  and 
so  affects  the  readings  of  the  voltmeter.  The  resistance 
with  the  commutator  rotating  is  somewhat  higher  than 
when  the  machine  is  stationary. 
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Measurement  of  Armature  Resistance  by  Comparison 
OF  Deflections. 

General  Explanation — When  two  resistances  have  the 
same  current  flowing  in  them,  the  differences  of  poten'ial 
existing  at  their  terminals  are  proportional  to  the  magni- 
tude of  the  resistances.  The  potential  difference  is  in 
each  case  numerically  equal  to  the  product  of  current 
and  resistance. 

Use  is  made  of  this  fact  to  compare  the  unknown 
armature  resistance  with  a  known  resistance,  by  com- 
paring the  deflections  of  a  galvanometer  produced  by  the 
two  differences  of  potential. 

Experiment  II — Measurement  of  Armature  Resistance. 

Method  2. — By  Comparison  of  Deflections. 

Diagram  of  Connections. 


'% 


'?\ 


FiQ.  3.— Measurement  of  Armature  Resistance. 
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Dynamo  armature  (stationary). 
Standard  low  resistance  approximately 

equal  to  the  armature  resistance.* 
Adjustable  resistance. 
C  Cell,  preferably  one  or  two  secondary  cells. 

G  Galvanometer. 

S  Switch  for  breaking  main  circuit. 

a,  b,  c,  d,  e,  f,  Double-pole  2- way  switch,  or  mercury  contacts. 

*  This  and  the  preceding  methods  are  only  suitable  for  measuring  arma- 
ture resistances  between  about  "1  and  '001  ohm.  The  gi'eater  the  current 
for  which  the  dynamo  is  designed,  the  less  the  armature  resistance.  Very 
small  machines  may  have  as  much  as  1  ohm  resistance,  or  even  more  in  the 
case  of  sniall  motors.  Large  dynamos  for  high  currents  frequently  have  an 
armature  resistance  of  less  than  ^^^^^  ohm.  Such  small  resistances  must  be 
measured  by  some  form  of  Thomson  Bridge,  as  described  on  page  21.  ■ 
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Connections. — Join  in  series  one  or  two  secondary  cells, 
an  adjustable  resistance,  a  small  standard  resistance,  the 
armature  to  be  measured,  and  a  plug  key.  From  the 
standard  resistance  and  armature,  respectively,  bring 
pairs  of  leads  to  a  &  and  c  ^  on  the  throw-over  switch,  so 
that  the  galvanometer  may  be  put  in  parallel  with  either 
of  these  resistances  by  connecting  either  pair  to  e  /  by 
the  switch.* 

The  connections  to  the  armature  for  the  main  current 
may  be  made  to  the  dynamo  terminals.  The  field  wind- 
ing must  be  disconnected.  The  potential  wires  leading  to 
the  throw-over  switch  may  be  best  connected  to  the 
armature  by  pressing  them  between  the  brushes  and 
the  commutator.  Clean  the  ends  of  the  wires  and  the 
commutator  segments  upon  which  the  wires  press  very 
carefully  to  ensure  good  contact.  Count  the  number  of 
commutator  segments,  and  make  sure  that  the  wires  press 
on  opposite  segments,  and  that  each  wire  makes  contact 
with  one  segment  only. 

The  galvanometer  may  be  set  up  at  a  considerable 
distance  away,  since  the  resistance  of  the  leads  does  not 
affect  the  accuracy  of  the  measurement,  if  small  com- 
pared with  the  galvanometer  resistance.  The  galvano- 
meter should  have  a  uniformly  divided  scale,  and  its 
reading  should  be  proportional  to  the  deflecting  current 
within  the  limits  employed.  After  closing  the  plug  key, 
adjust  the  variable  resistance  R.,  so  that  the  galvanometer 
deflection  is  of  a  suitable  magnitude  when  the  throw-over 
switch  is  in  either  position. 

If  a  reflecting  galvanometer  is  used,  the  deflection 
should  be  between  100  and  200  small  scale  divisions.  If 
the  galvanometer  is  very  sensitive,  it  may  be  necessary 
to  "  shunt  "  it  in  order  to  get  suitable  readings  ;  the 
resistance  of  the  shunt  must  not  be  low  enough  to 
materially  alter  the  amount  of  current  flowing  through 
the  resistances  to  be  compared.  Often  a  resistance  in 
series  with  the  galvanometer  will  give  the  required  result. 

*  If  a  suitable  switch  is  not  available,  a  board  with  four  small  holes 
corresponding  to  a,  b,  c,  d  may  be  used.  The  holes  are  filled  with  mercury, 
and  the  ends  of  the  leads  from  the  galvanometer  are  dipped  into  a  and  b  or 
c  and-  d. 
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Notice  that  in  both  positions  of  the  switch  the 
deflection  is  to  the  same  side  of  the  scale. 

Instructions. — By  means  of  the  throw-over  switch 
connect  the  galvanometer  to  the  standard  resistance. 

Note  the  deflection  on  the  scale. 

Reverse  the  switch,  so  that  the  galvanometer  is 
connected  to  the  armature. 

Note  the  deflection. 

Reverse  the  switch  again,  and  repeat  the  first  reading, 
in  order  to  avoid  errors  due  to  a  fall  in  the  voltage  of  the 
battery. 

The  three  readings  should  be  repeated  five  or  six  times 
with  slightly  different  currents  obtamed  by  altering  the 
resistance  i?,- 

The  armature  resistance    =   X    =    i?,  ^    when    the 

symbols  have  the  meaning  given  below. 

Calculation. — 

Let  dj^  be  the  mean  of  the  first  and  third  readings  indi- 
cating the  potential  drop  in  the  standard  resistance. 

d^  the  second  reading  due  to  the  drop  in  the  armature: 

i?i  the  known  resistance  of  the  standard. 

X  the  unknown  resistance  of  the  armature. 

Fj  the  fall  of  potential  in  the  standard  resistance 
when  the  current  is  flowing. 

Fo  the  fall  of  potential  in  the  armature. 

V 

The  current  in  the  standard  resistance  =  ^. 

V 
In  the  armature  the  current  is  ^ 

Since  it  is  the  same  current  w^hich  flows  in  both, 
V,      F.        ^       „  F, 

The  deflections  of  the  galvanometer  are  proportional 
to  the  differences  of  potential  applied  to  its  terminals. 

Hence  ~  =  ^ 

d,        Fi 

F,  d. 

X  =R^  y-    =  Ri—T-  and  X  is  thus  determined. 
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When  the  armature  becomes  heated  during  working 
its  resistance  increases.  It  is  frequently  necessary  to 
measure  the  armature  resistance  when  hot.  For  this 
purpose  the  measurement  may  be  made  immediately 
after  the  machine  has  been  working,  before  it  has  had 
time  to  cool. 

If  the  resistance  of  the  brushes,  contacts,  and  leads  to 
the  dynamo  terminals  is  to  be  included  with  the  armature 
resistance,  the  potential  wires  must  be  joined  to  the 
dynamo  terminals  instead  of  .being  inserted  between  the 
brushes  and  commutator.  The  contact  resistance  be- 
tw^een  the  brushes  and  commutator  is  liable  to  considerable 
variation,  especially  if  the  commutator  is  not  quite  clean. 

Enter  the  particulars  of  the  measurement  thus  : — 

Measurement  op  Armature  Resistance. 

Date Observer    

D;yiiamo  No Type  of  armature  .... 

Output volts.  .  .  .amperes    at.  .  .  .revs,    per    min. 

Standard  low  resistance  Ri    =   ohm. 

Galvanometer    No at.  .  .  .distance    from    scale.* 


Reading  due  to 
resistance  Ri. 


Reading  due  to 
armature  resistance. 


Ri  X 


di 


Armature  resistance. 


Condition  of 
measurement. t 


Mean  value  of  armature  resistance  = 


The  resistance  of  copper  increases  by  '00238  of  its 
value  for  every  degree  Fahrenlieit  increase  in  its  tempera- 
ture. If  we  measure  the  resistance  of  an  armature  when 
at  atmospheric  temperature,  and  also  immediately  after 
a  continued  run  at  full  load,  we  can  calculate  the  rise  in 
temperatm-e  which  has  occurred. 


*  The  distance  from  scale  is  to  be  given  in  the  case  of  a  reflecting  galva- 
nometer, unless  this  distance  is  always  the  same  for  the  galvanometer 
employed. 

+  In  the  last  column  state  whether  the  armature  was  measured  while  hot  or 
cold,  and  whether  the  resistance  was  measured  between  the  dynamo  terminals  or  at 
the  commutator. 
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This  method  is  a  more  accurate  one  for  finding  the 
mean  temperature  rise,  than  the  usual  one  of  applying  a 
mercury  thermometer  to  the  outside  of  the  armature. 

Potentiometer  Method.— For  still  greater  accuracy  it 
is  better  to  measure  the  armature  resistance  by  the 
potentiometer  method,  which  is  the  next  to  be  described. 

Measurement  op  Armature  Resistance  by  the 
Potentiometer. 

General  Explanation. — Wlien  two  resistances  have  the 
same  current  flowing  in  them,  the  difference  of  potential 
existing  at  the  terminals  of  each  resistance  is  proportional 
to  the  magnitude  of  that  resistance.  The  potential 
difference  is  numerically  equal  to  the  product  of  the 
current  and  resistance  in  each  case. 

Use  is  made  of  this  fact  to  compare  an  unknown 
armature  resistance  with  a  known  standard  resistance. 

The  two  resistances  are  connected  together  in  series 
with  a  cell.  When  current  flows  through  them,  the 
difference  of  potential  between  the  ends  of  the  two 
resistances  is  compared  by  means  of  a  potentiometer. 

The  potentiometer  consists  essentially  of  a  stretched 
bare  wire  of  uniform  high  resistance,  in  which  a  current 
is  made  to  flow  from  a  secondary  cell.  Since     the 

resistance  of  the  wire  is  uniform,  there  will  be  a  uniform 
fall  of  potential  along  the  whole  length  of  the  wire,  and 
the  drop  of  potential  between  any  two  points  on  the 
wire  will  be  proportional  to  the  length  of  wire  between 
these  points,  so  long  as  the  current  is  maintained  constant. 

In  order  to  compare  two  E.M.F.'s,  the  length  of  wire 
is  determined  having  a  fall  of  potential  equal  to  one  of 
the  E.M.F.'s.  The  length  is  then  found  in  which  the  fall 
of  potential  is  equal  to  the  other. E.M.F.  The  two  lengths 
of  wire  bear  the  same  ratio  to  each  other  as  the  two 
E.M.F.'s  which  it  is  desired  to  compare.  The  com- 
parison is  thus  reduced  to  the  measurement  of  two  lengths 
of  wire  by  means  of  a  scale. 

The  length  of  the  potentiometer  wire  in  which  the  fall 
of  voltage  is  equal  to  the  voltage  between  the  ends  of 
the  resistance  to  be  compared  must  be  determined  by 
trial  with  a  galvanometer. 
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The  galvanometer  is  connected  in  series  with  the 
given  source  of  E.]M.F.,  and  is  then  connected  to  two 
points  on  the  potentiometer  wire  in  such  a  way  that  the 
difference  of  potential  between  these  points  tends  to 
send  current  through  the  galvanometer  in  the  opposite 
direction  to  the  given  E.M.F.  When  the  voltage  of  these 
two  opposing  sources  is  equal,  the  current  tln:ough  the 
galvanometer  becomes  zero.  The  length  of  the  wire 
between  the  points  so  found  forms  the  basis  for  comparing 
the  given  E.M.F.  with  that  of  any  other  source  which  can 
be  neutralised  by  the  difference  of  potential  of  some 
other  length  of  the  potentiometer  wire. 

The  battery  supplying  current  to  the  potentiometer 
must  always  have  a  higher  E.M.F.  than  any  E.M.F.  to  be 
measured  upon  it.  A  simple  type  of  potentiometer,  con- 
sisting of  a  uniform  stretched  wire  with  movable  contact 
and  evenly  divided  scale,  is  sufficient  for  accurate  measure- 
ments, when  the  resistance  to  be  measured  is  not  very 
small.  The  more  complete  forms  of  potentiometer  by 
Crompton  and  others  are  more  convenient  for  constant 
and  varied  use,  and  are  capable  of  much  finer  adjustment. 

Experiment  111. — Measurement  of  Armature 
Resistance. 

Method  3. — By  Potentiometer. 

Connections. — Connect  the  potentiometer  wire  to  one 
or  two  secondary  cells.  Connect  the  known  resistance 
R  1  and  the  armature  D  in  a  separate  circuit  including  a 
secondary  cell,  key  and  an  adjustable  resistance  Rj. 
Connect  the  galvanometer  to  A,  one  end  of  the  potentio- 
meter wire,  and  to  the  gliding  contact  through  two-way 
switches,  or  similar  contrivance  for  connecting  in  series 
with  the  galvanometer  the  standard  resistance  and  the 
armature  D  alternately. 

The  leads  from  these  resistances  must  be  connected  to 
the  switch  in  such  a  way  that  the  drop  of  potential  in 
both  resistances  tends  to  send  a  current  tlirough  the 
galvanometer  in  the  direction  from  A  to  P  if  the  current 
in  the  potentiometer  flows  from  A  to  B.     Otherwise  it 
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will  be  impossible  to  find  a  point  of  balance  on  the  wire, 
i.e.,  similar  poles  of  the  secondary  cells  in  the  two  circuits 
must  be  joined  to  A.  As  in  the  previous  experiment,  the 
two-way  switch  a,  b,  c,  d,  e,  f  may  be  replaced  by  four 
mercury  cups  at  a,  b,  and  c,  d,  into  which  the  potentio- 
meter wires,  e,  /,  may  be  alternately  dipped. 

Diagram  of  Connections. 


Fig.  4.— Measurement  of  Armature  Resistance. 

D         Dynamo  armature. 

R,       Standard  low  resistance. 

Rj       Adjustable  resistance. 
Ci  Co      Cells,  preferably  secondaries. 

G        Galvanometer. 
A  B       Potentiometer  wire. 

P         Contact  key. 

S         Switch  for  breaking  main  circuit. 

a,  b,  c,  d,  e,  /,  Double-pole  2-way  switch,  or  mercury 
contacts. 


Instructions. — Close  the  keys  in  the  main  circuit  and 
move  the  2-way  switch  so  that  the  known  resistance  R^ 
is  included  in  the  galvanometer  circuit. 

In  order  to  make  sure  that  the  connections  have  been 
rightly  made,  press  the  contact  key  first  at  one  end  of  the 
wire  A  B  and  then  at  the  other.  In  one  case  the  galvano- 
meter should  be  deflected  to  the  right,  and  in  the  other 


20  MEASUREMENT   OF   RESISTANCES. 

case  to  the  left.  If.  both  deflections  are  to  the  same  side, 
reverse  either  the  potentiometer  battery,  or  interchange 
the  connections  e  and  /  on  the  reversing  switch.  By  trial 
find  the  point  on  the  wire  giving  no  deflection,  and  note 
the  number  of  divisions  on  the  scale  between  this  point 
and  the  end  A  of  the  wire. 

Alter  the  switches  so  as  to  substitute  the  armature 
for  Ri-  Find  the  point  of  balance,  and  again  note  the 
reading  on  the  potentiometer  scale.  Repeat  the  reading 
with  the  standard  resistance,  in  order  to  avoid  errors  due 
to  the  running  down  of  the  batteries. 

Repeat  the  readings  with  a  slightly  different  current 
in  the  circuit  containing  R^  and  X,  after  altering  R2. 

Calculation. — 

Let  d^  be  the  mean  of  the  first  and  third  readings  taken 
with  the  known  resistance  Rj. 
d^    the    second  reading  taken  with  the  armature  in 
the  galvanometer  circuit. 
X  the  armature  resistance. 
Then  by  similar  reasoning  to  that  given  on  page  15, 
we  have 

Enter  up  results  as  shown  on  page  16. 

The  potentiometer  method  of  measuring  small  resist- 
ances is  more  accurate  than  the  method  of  galvanometer 
deflections  previously  described.  The  deflection  method 
is  simpler,  and  generally  accurate  enough  for  armatures 
not  having  a  very  low  resistance. 

The  accuracy  of  the  potentiometer  measurement  is 
due  to  the  fact  that  it  is  a  nul  method,  i.e.,  the  galvano- 
meter is  at  zero  when  the  final  reading  is  taken.  An 
extremely  sensitive  galvanometer  can  therefore  be  used. 
It  is  weU  to  use  a  "  shunt  "  with  the  galvanometer  until 
the  point  of  balance  on  the  potentiometer  wire  has  been 
roughly  determined,  in  order  to  avoid  injury  through 
the  currents  which  will  flow  through  the  galvanometer 
during  the  fkst  trials.  The  final  adjustment  should  be 
made  with  the  galvanometer  as  sensitive  as  possible. 
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Measurement  of  Low  Armature  l^esistance  by  Thomson  Bridge. — 
In  the  case  of  very  large  armatures  where  the  resistance 
is  less  than  jq^oo  ohm,  it  is  necessary  to  employ  still 
more  sensitive  methods  of  measurement. 

The  best-known  method  is  that  known  as  the  Thom- 
son Double  Bridge.  The  principle  of  the  measurement 
is  as  follows  : — 


Fig.   5.— Measurement  of   Armature   Resistance   by   Thomson   Bridge. 

The  connections  are  shown  in  Fig.  5,  where 

D  is  dynamo  armature  to  be  measured. 

Ri  R(  are  resistances,  usually  of  the  plug-resistance 
box  type,  both  capable  of  being  varied,  but 
preferably  so  arranged  as  to  be  always  equal  to 
one  another. 

Rj  R^  are  plug  resistances  also  capable  of  variation 
and  preferably  kept  equal  to  each  other. 

R  is  a  standard  low  resistance  (or  in  some  forms  of 
the  bridge  a  uniform  graduated  rod  with  sliding 
contact). 

G  is  a  sensitive  galvanometer. 

C  is  a  battery  for  sending  current  tlirough  R  and  D. 
S  S  are  keys  for  closing  the  external  and  galvano- 
meter circuits. 

The  measurement  is  made  by  altering  the  values  of 
Ri  and  R.,  until  no  cmrent  flows  through  the  galvano- 
meter when  the  galvanometer  key  is  closed. 

As  stated  above,  it  is  usual  to  arrange  that  R^  and  R'l 
are  kept  equal,  and  similarly  R^  Rj . 
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It  is  essential  that  the  ratio  between  ^  should  always 

be  the  same  as  the  ratio  ^ 

\^Tien  the  condition  of  balance  is  found 

D  :  R  :  :  R,  :  R,,  i.e.,  D  -   R.^l 

The  method  is  made  more  sensitive  by  increasing  the 
strength  of  the  current  in  the  circuit  containing  R  and  D. 

In  this  method  of  measurement,  both  the  resistance 
of  the  leads  from  the  armature  to  the  bridge,  and  varia- 
tions of  the  voltage  of  the  battery,  produce  no  sensible 
effect  on  the  readings.  In  a  test  house  it  is  consequently 
usual  to  arrange  the  bridge  and  galvanometer  at  some 
distance  away  from  the  testing  bed,  and  to  employ  long 
leads,  so  that  the  actual  measurement  may  be  made  in  a 
■quiet  and  midisturbed  room.  In  such  cases  a  signal  bell 
is  used  to  give  the  operator  warning  when  connections 
are  complete    on  the  djmamo. 

The  Thomson  Bridge  is  made  up  in  a  variety  of 
forms  for  special  purposes,  but  isolated  resistance  boxes 
may  be  used  if  a  complete  bridge  is  not  available. 

In  a  newly-completed  armature  the  resistance  from 
segment  to  adjacent  segment  should  be  measured  all 
round  the  commutator,  and  also  the  resistance  between 
every  pair  of  opposite  segments.  This  is  done  less  with 
the  idea  of  checking  the  actual  value  of  the  armature 
resistance  than  in  order  to  detect  any  lack  of  symmetry 
in  the  connections,  or  any  faulty  connection  in  the 
winding. 

Measurement  of  the  Resistance  of  Field  Windings. 

The  magnet  windings  of  dynamos  and  motors  are  of 
two  kinds,  viz.,  series  windings  intended  to  carry  the  main 
current  of  the  machine,  having  therefore  a  low  resistance, 
and  shunt  windings,  designed  for  a  smaU  current  only, 
having  a  comparatively  high  resistance. 

Series  Winding — The  low-resistance  series  winding 
may    be    measured    in   any    of    the    four   ways    already 
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mentioned.  The  method  given  in  Experiment  I.  being 
the  simplest  is  the  most  usually  adopted  where  special 
accuracy  is  not  required. 

Shunt  Winding. — As  the  resistance  of  a  shunt  field 
winding  is  always  fairly  large,  it  can  be  easily  measured 
by  any  of  the  usual  methods  of  measuring  resistances,  e.g., 
with  a  Metre  bridge  or  Post-office  type  of  Wheatstone 
bridge. 

Since  the  shunt  winding  has  a  high  self-induction,  the 
key  in  the  battery  circuit  must  always  be  depressed  before 
and  released  after  the  galvanometer  key  when  making  a 
measurement,  or  the  galvanometer  will  receive  a  large 
induction  current. 

The  method  of  resistance  measurement  described  in 
Experiment  I.,  in  which  a  volt  and  ampere  meter  are 
used,  is  equally  applicable  to  the  shunt  resistance,  and 
this  is  the  method  more  usually  employed  in  the  test 
house  than  any  other. 

If  the  current  supplied  to  the  winding  for  this 
measurement  is  its  normal  working  current,  or  if  the 
voltage  applied  at  the  terminals  is  the  normal  working 
voltage,  an  interesting  series  of  values  of  the  resistance 
may  be  obtained  as  the  winding  gradually  becomes 
heated  by  the  current,  and  its  resistance  increases  in 
consequence. 
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x:                                 ^?                      -              ^ 
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0       10        20       30       40        50       60       70        80       90       100 
Time  in  minutes. 
Fig.  fi.— Curve  Showing   Increase  in  Resistance  op  Shunt  Winding. 

Fig.  6  gives  a  curve  obtained  in  this  manner.     The 
shunt  windings  of  a  small  dynamo  were  connected  to  the 
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100-volt  mains,  and  readings  of  the  current  flowing 
through  the  coils  were  taken  every  10  minutes.  The 
voltage  at  the  terminals  of  the  windings  was  also  observed, 
and  the  resistance  of  the  windings  calculated.  It  wall  be 
seen  that  the  resistance  increased  rapidly  at  first,  and 
afterwards  more  slowly  as  it  approximated  to  its  final 
value.  After  about  1|  hours  the  final  resistance  of 
141 -8  ohms  was  practically  reached. 

Variable  Shunt  Resistance — If  the  exciting  current  of 
a  dynamo  is  supplied  from  a  constant  source  of  potential 
applied  at  the  terminals  of  the  winding,  the  current 
(and  consequently  the  magnetising  force)  will  decrease 
in  the  same  proportion  that  the  resistance  of  the  windings 
increases.  In  order  to  provide  means  for  correcting  such 
variations,  it  is  usual  to  provide  a  resistance  capable  of 
fine  adjustment  in  series  with  the  shunt  winding  of  a 
dynamo.  This  resistance  is  inserted  in  the  exciting 
circuit  when  starting  the  dynamo  cold,  and  is  gradually 
cut  out  as  the  readings  of  the  voltmeter  indicate  the 
necessity  for  more  exciting  current. 

It  is  obvious  that  the  range  of  the  variable  shunt 
resistance  must  be  at  least  as  great  as  any  variation  in 
resistance  of  the  shunt  winding  caused  by  heating,  in 
order  that  the  exciting  current  may  be  kept  constant  by 
regulation  of  the  shunt  resistance.  In  the  experiment 
illustrated  by  Fig.  6  the  variation  in  the  resistance  of  the 
shunt  coils  was  from  123-8  ohms  at  starting  to  141-8 
ohms  when  the  coils  had  become  fully  heated,  i.e.,  a 
variation  of  18  ohms.  A  regulating  resistance  for  the 
dynamo  in  question  would  consequently  have  to  be 
capable  of  a  variation  of  18  ohms  in  order  to  compensate 
for  variation  of  the  field  resistance  alone. 

It  will  be  pointed  out  later  that  a  further  possible 
variation  is  required  in  order  to  increase  the  field 
excitation  sufficiently  to  counteract  the  fall  of  voltage 
due  to  reactions  caused  by  current  in  the  armature. 

Determination   of   Temperature    by    Increase    of    l^esistance. — 

A  careful  determination  of  the  increase  in  resistance  of 
the  field  windings  is  of  importance  as  affording  the  most 
accurate  means  of  determining  the  total  average  rise  in 
temperature  of  the  coils.     The  resistance  of  a  copper 
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conductor  increases  by  practically  0-428  per  cent,  of  its 
value  at  the  normal  temperature  of  15°  C.  for  each  degree 
Centigrade  by  which  it  is  raised  above  that  temperature. 

In  order  to  find  the  temperature  of  the  coils  after  they 
have  become  heated,  by  measurement  of  the  alteration  in 
their  resistance,  the  following  formula  may  be  employed  : — 

r..— r,       100 
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h-  = 


r, — 1\ 
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where  t,, 

h 

r 

The   upper 


rise  in  temperature  in  degrees  Centigrade. 
,,  ,,  ,,  Fahrenheit, 

resistance  when  cold. 
,,  ,,       hot. 

curve  on  Fig.  7  shows  graphically  the 
result  of  a  determination  of  the  temperature  rise  in  the 
shunt  windings  of  a  small  2-pole  motor  made  in  this  way. 

The   lower   curves   on  the   same   figure  show  simul- 
taneous   readings    taken    with    mercury    thermometers 
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Time  in  minutes. 
Curve  I. — Rise  in  temperature  calculated  from  resistance. 

„    II. — Rise  in  temperature  measured  on  thermometer  between  magnet  limbs. 
,,    III. — Rise  in  temperature  measured  on  thermometer  outside  magnet  limbs. 
Fk;.  7.— Temperature  Rise  in  Magnet  Winding. 

placed  with  their  bulbs  in  contact  with  the  windings,  and 
weU  covered  in  with  cotton  wool  to  prevent  radiation  of 
heat  as  far  as  possible.     The  thermometer,  whose  readings 
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are  shown  by  the  lowest  curve,  was  placed  on  the  outside 
of  one  of  the  magnet  limbs.  The  middle  curve  gives  the 
readings  of  a  thermometer  placed  between  the  magnet 
limbs  against  the  inner  surface  of  one  limb. 

The  final  readings  of  the  thermometer  placed  against 
the  outside  of  the  windings  are  seen  to  be  5°  C.  below  the 
average  temperature  of  the  coils,  as  measured  by  the 
increase  in  their  resistance. 

If  the  average  temperature  is  assumed  to  be  the  mean 
between  the  hottest  and  coolest  layers,  the  hottest  layer 
would  be  about  10°  above  the  temperature  indicated  on  a 
thermometer  applied  to  the  outside  of  the  coil. 

The  readings  here  referred  to  were  taken  with  the 
armature  stationary.  In  revolving,  the  armature  fans 
the  coils  and  cools  the  outer  layers,  so  that  the  temperature 
difference  would  be  much  greater  with  the  machine  at 
work. 

The  hottest  layer  is  found  not  to  be  the  layer  next 
the  magnet  limb,  since  the  iron  of  the  magnet  cools  the 
layers  next  to  it.  It  is  usually  about  one-quarter  of  the 
depth  of  the  winding  from  the  inner  layer. 

55 


50 
45 
40 
33 
30 


15 


..   __                              ..   _    J  =  '' 

? 

_.     .   ..,. _.   

7^  -     '     -     --                                   -            -           _ 

-     -  ..  :?::  .::        ::      :  :     :_      __      __    :_ 

?                                           -             - 

^-     -  'i' 

1                         /                                                                                                        \                         _,r---H 

I         t                                    ,--h"lST 

1                                '"'i 

""  yit  ,''""  ±;        :        I'          _:":":: 

'  f     ,'             '                          

?-    "      "  'X'      ~      '  -      -    -      -    -  -- 

::_±::::::  ±ti:    :;--.:::_;;;::;:;:"::::-::---; 

0        10        20 


30       40      50      60        70        80       90      100 
Time  in  minutes. 
Curve  I.^Reailings  of  thermometer   between   magnet  limbs. 
,,     II.— Readings  of  thermometer  outside  magnet  limbs. 
Pig.  8.— Temperature  Rise  in  Magnet  Windings. 

In   order   to   illustrate   further   the   errors   to   which 
observations    by   means    of    mercury  thermometers    are 
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liable,  the  curves  on  Fig.  8  are  given.  They  indicate  the 
readings  simultaneously  taken  on  two  thermometers 
placed  respectively  between  the  limbs  and  on  the  outer 
side  of  one  limb  of  a  small  2-pole  motor.  The  thermo- 
meters were  placed  closely  against  a  wrapping  of  thin 
fibre  with  which  the  windings  were  protected.  The 
magnets  being  rather  close  together,  the  inner  ther- 
mometer was  in  a  very  well-protected  position,  and 
received  heat  from  both  magnet  limbs.  Both  ther- 
mometer bulbs  were  covered  with  cotton  wool,  and  a 
constant  potential  was  applied  to  the  magnet  windings. 

It  will  be  seen  that  the  final  readings  of  the  thermo- 
meters differed  by  nearly  21°  C.  A  little  carelessness  in 
wrapping  up  the  thermometer  bulb  during  a  test  may 
cause  a  still  greater  error  than  would  be  incurred  by 
taking  either  of  the  curves  in  Fig.  8  as  giving  the  true 
temperature  of  the  coils. 

The  curves  sufficiently  show  how  erroneous  may  be 
the  conclusions  as  to  the  temperature  of  the  windings,  if 
only  drawn  from  the  readings  of  a  thermometer  placed  on 
the  outside. 

It  should  be  remembered  that  the  actual  temperature 
of  the  inner  layers  of  the  windings  must  be  higher  than 
the  temperature  indicated  by  any  of  the  curves,  since 
even  the  highest  curve  on  Fig.  7  only  gives  the  average 
temperature  of  all  the  windings. 

In  order  to  investigate  the  temperature  of  the  inner 
layers,  a  spiral  of  fine  platinum  wire  wound  on  to  a  flat 
strip  of  fibre  or  mica,  and  carefully  covered  with  silk 
ribbon  may  be  used.  The  flat  strip  can  be  inserted 
between  the  windings  and  the  iron  core,  or  may  be  laid 
between  the  layers  of  wire  during  winding.  By  measur- 
ing the  increase  in  resistance  of  the  platinum  coil,  its 
rise  in  temperature  can  be  calculated  without  removing 
the  coil.  A  coil  of  this  kind  measuring  about  |in.  by  Sin. 
having  about  50  turns  of  bare  platinum  wire  and  a 
resistance  of  10  ohms,  wound  on  to  a  thin  strip  of  mica 
provided  with  notches  like  saw  teeth  in  the  edge,  to 
keep  the  windings  separated,  and  well  covered  with  silk 
ribbon,  answers  thejpurpose  weU.^  1^ 
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Thermal  junctions  applied  in  a  similar  way  have  also 
been  made  to  give  good  results.  If  a  mercury  ther- 
mometer is  used,  the  bulb  should  be  wrapped  round  with 
tin  foil  to  distribute  the  heat  uniforml}''  to  all  parts  of 
the  bulb. 

Mr.  E.  Brown  has  made  some  experiments  on  the 
internal  temperature  of  dynamo  field  coils*,  and  found 
that  in  the  case  of  the  2-pole  dynamo  which  he  experi- 
mented upon,  the  temperature  rise  of  the  external  layers 
was  29°  C.  the  average  rise  through  the  depth  of  the 
winding  was  50°  C,  and  the  maximum  rise  was  about 
60°  C.  Thus  the  maximum  rise  in  the  interior  of  the  coil 
was  more  than  double  the  increase  which  would  have  been 
registered  by  a  thermometer  applied  at  the  surface  of 
the  coil  in  the  usual  way,  There  was,  in  fact,  quite  as 
large  a  difference  of  temperature  between  the  hottest 
part  of  the  winding  and  the  surface  of  the  coil  as  there  was 
between  the  surface  of  the  coil  and  the  air  of  the  room 
where  the  test  was  conducted.  These  results  were 
obtained  with  the  dynamo  running. 

More  recently  an  exhaustive  series  of  experiments  on 
the  rise  of  temperature  in  dynamo  windings  has  been 
made  at  the  National  Physical  Laboratory.  For  details 
see  papers  by  Messrs.  Rayner  and  Goldschmidt,  Proc. 
Inst.E  E.,  Vol.  34,  p.  613. 


'  Proceedings  of  the  Institution  of  Electrical  Engineers.    Vol.  xxx.,  p.  H5y. 


CHAPTER  III. 

Production  of  Electromotive  Force  in  a 
Dynamo. 

The  strength  of  a  magnetic  field  is  expressed  numeri- 
cally by  the  pull,  measured  in  dynes,*  which  would  be 
experienced  by  a  unit  magnetic  pole,  f  if  situated  in  the 
field. 

A  magnetic  field  is  usually  spoken  of  as  consisting  of  a 
number  of  lines  of  force.  The  density  of  these  mathe- 
matical lines  is,  for  convenience,  so  chosen  that  the 
number  of  lines  which  pass  through  a  square  centimetre 
of  a  surface  which  is  at  right  angles  to  their  direction,  is 
also  the  number  representing  the  strength  of  the  field. 
Thus  the  number  of  lines  of  force  per  square  centimetre 
gives  the  force  which  would  act  on  a  unit  magnetic  pole 
at  the  point  considered. 

Whenever  an  electric  conductor  moves  in  such  a 
magnetic  field  so  as  to  cut  the  lines  of  force,  an  electro- 
motive force,  or  E.M.F.,  is  produced  J  in  the  conductor. 
The  numerical  value  (in  C.G.S.  or  "  absolute  "  units)  of 
this  electromotive  force  is  the  number  of  lines  cut  through 
by  the  conductor  in  1  sec. 

Thus: 

E.M.F.    =  Rate  of  cutting  magnetic  lines. 

Expressed  in  volts  (the  "  practical "  unit  of  electro- 
motive force),  the  electromotive  force  will  be  the  above 
number  of  units  divided  by  10^  (since  1  volt  is  equal  to 
10^  absolute  units  of  electromotive  force),  so  that 

E.M.F.  (in  volts)  =  Rate  of  cutting  magnetic  lines  x  10~^ 

*  A  dyne  is  the  unit  of  force  in  the  absolute,  or  C.G.S. ,  system  of  units. 
It  is  the  force  necessary  to  give  unit  acceleration  (1  cm.  per  second  per 
second)  to  unit  mass  (1  gramme).  A  force  of  one  dyne  is  roughly  equal  to 
the  weight  of  1  milligramme. 

fUnit  magnetic  pole  is  defined  to  be  a  pole  which,  if  placed  1  cm.  from 
an  equal  and  similar  pole,  would  be  repelled  with  a  force  of  1  dyne. 

I  This  electromotive  force  must  be  considered  to  be  an  experimental  fact. 
The  relation  existing  between  the  value  of  the  electromotive  force  and  the 
rate  at  which  the  conductor  cuts  the  lines  is  a  result  of  the  definition  given 
to  the  unit  of  electromotive  force. 
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If  the  conductor  moves  in  a  direction  parallel  to  the 
lines  of  force  it  cannot  be  said  to  cut  them.  In  such  a 
case  no  electromotive  force  results.  If  there  are  a  number 
of  conductors,  instead  of  one  only,  in  each  of  which  is 
induced  an  electromotive  force,  these  electromotive  forces 
will  produce  a  resultant  electromotive  force  if  the  con- 
ductors are  connected  together.  This  will  be  equal  to 
their  sum,  if  the  conductors  are  connected  together  in 
such  a  manner  that  the  electromotive  forces  are  all 
directed  towards  the  same  end  of  the  composite  conductor 
which  they  then  form. 

It  is  in  this  way  that  the  total  electromotive  force  of 
the  armature  of  a  dynamo  is  obtained. 

From  these  considerations  it  foUows  that  three 
factors  wiU  be  sufficient  to  determine  the  voltage  of  a 
dynamo,  viz.  : — 

(1)  The  number  of  conductors  in  the  armature  acting 
in     series  ; 

(2)  The  speed  of  revolution  of  the  armature  ;    and 

(3)  The  number  of  magnetic  lines  cut  by  the  con- 
ductors during  each  revolution. 

In  any  dynamo,  as  stated  above, 

_^  ,,             ^,      Rate  of  cutting  magnetic  lines. 
Voltage  =  F  = ^^ 

Now  let 
N  =  number  of  conductors  on  the  circumference  of  the 

armature. 
n  =  number  of  revolutions  of  the  armature  made  in  one 

minute,  so  that  — -  =  revolutions  per  second. 
bO 

F  =  number  of  magnetic  lines  which  pass  from  the  north 
poles  of  the  magnet  to  the  south  poles  tlu'ough 
the  armature,  and  are  cut  by  the  conductors. 

p  =nuniber  of  pairs  of  poles  of  the  dynamo. 

Each  conductor  will  cut  through  F  lines  twice  in 
each  revolution  of  the  armature. 

The    average    electromotive    force    induced    in    each 

Fn 
conductor  on  the   armature  will  be  2    ^^    C.G.S.  units, 

bO 

since  that  is  the  average  number  of  magnetic  lines  which 

it  cuts  in  one  second. 
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Between  the  positive  and  negative  brushes  of  a  dynamo 
there  are  two  parallel  paths  formed  by  the  conductors  of 
the   armature.     Hence   in   a    2-pole   dynamo   having   N 

N 
armature  conductors  there  will  be  two  sets  of  ^  con- 
ductors. In  each  set  the  conductors  are  connected  in 
series,  and  the  electromotive  forces  of  individual  con- 
ductors will  therefore  be  added.  In  other  words,  the 
voltage  of  the  armature  will  be  obtained  by  adding  the 
individual  electromotive  forces  produced  in  the  con- 
ductors counted  from  brush  to  brush  round  one-half  of 
the  armature. 

In  a  multipolar  dynamo  the  number  of  conductors 
acting  in  series  will  be  the  number  situated  between 
two  adjacent  sets  of  brushes. 

The   number   of   conductors   which   act   in   series   to 
produce  the  voltage  of  a  multipolar  dynamo  is  therefore 
N 
2p 

Each  conductor  will  cut  through  F  lines  twice  during 
one  revolution. 

The    average    electromotive    force    induced    in    each 

2  F  n 
conductor  is  thus        ^    ,  and  the  average  electromotive 

force  of  the  armature  is  -—-r — in  C.G.S.  units. 

60  2? 

Hence  in  either  case 

N  nF 
Voltage  of  dynamo  =  V  =77?^ — ttts *       •  •  •  •(!) 

In  the  case  of  a  2-pole  dynamo  this  is  equivalent  to 

V  -  ^-^-^  (2) 

"^  "  60  X  lO''         ^  ' 

In  a  dynamo  already  constructed,  two  factors  only  can 
be  made  to  vary  in  the  expression  just  given  for  the 
voltage,  viz.,  the  speed  n  and  the  magnetic  flux  F, 
since  N  and  p  are  necessarily  jBLxed  quantities.       It  is 

*  The  factor  p  must  be  omitted  in  the  case  of  multipolar  dynamos  which 
have  only  a  single  pair  of  brushes,  or  in  which  the  conductors  are  so  con- 
nected that  the  voltage  due  to  the  several  pairs  of  poles  is  added  together. 
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therefore  only  by  altering  one  of  these  quantities  that 
the  voltage*  of  a  dynamo  can  be  affected. 

Also,  if  while  either  of  these  quantities  remains 
constant  the  other  is  made  to  vary,  the  dynamo  volts  will 
vary  in  exactly  the  same  ratio.  Hence  in  the  case  of  a 
dynamo  running  at  constant  speed,  nothing  will  alter  the 
total  voltage  of  the  armature  except  an  alteration  in  the 
magnetic  field.  Also  any  increase  or  decrease  in  the 
magnetic  flux  cut  by  the  conductors  will  produce  an 
exactly  proportional  increase  or  decrease  in  the  voltage 
of  the  machine.  A  similar  statement  would  hold  good 
for  a  dynamo  having  a  constant  field  when  subjected 
to  variation  of  speed. f 

This  proportionality  can  be  most  readily  shown  to 
exist  by  actual  experiment  in  the  case  of  a  dynamo  whose 
speed  is  varied,  while  its  magnetic  flux  is  maintained 
constant.  To  carry  out  the  experiment  it  is  only- 
necessary  to  separately  excite  the  magnets  with  a  constant 
current,  to  drive  the  dynamo  armature  at  various  speeds, 
and  to  take  readings  of  the  voltage  and  speed  simulta- 
neously. 

Experiment  IV. — Determination  of  Relation  Between 
Speed    and    Voltage    of   a   Separately-excited 
Dynamo  Without  Load. 

Connections.— Connect  the  field  winding  of  the  dynamo 
to  the  source  of  supply.  Include  in  this  circuit  an 
ammeter  and  regulating  rheostat.  The  rheostat  J  should 
have  sufficient  resistance  to  reduce  the  current  to  the 
value  desired,  and  must  be  capable  of  fine  adjustment. 
Connect  a  voltmeter  to  the  terminals  of  the  dynamo. 

*  The  total  voltage  of  the  dynamo  is,  of  course,  here  intended.  The 
difference  between  the  total  and  external  volts  will  be  discussed  later. 

t  In  the  case  of  small  dynamos  running  at  a  high  rate  of  speed,  especially 
when  the  resistance  of  the  external  circuit  is  small,  an  appai-ent  contradiction 
of  this  statement  occurs.  The  voltage  does  not  increase  in  exact  proportion 
to  the  speed  when  the  magnets  are  excited  with  a  constant  current.  This  is, 
however,  due  to  an  actual  decrease  of  magnetic  field  owing  to  the  eddy 
currents  whijh  are  generated  in  the  core  of  the  armature,  and  magnetise  the 
armature  core  locally  in  a  direction  opposing  the  main  field.  In  well- 
constructed  dynamos  running  at  normal  speeds,  this  effect  should  be  too 
small  to  be  appreciable. 

J  If  a  suitable  accumulator  battery,  or  other  constant  source  of  potential 
is  available,  the  rheostat  can  be  dispensed  with,  or  replaced  by  an  ordinary 
constant  resistance.     See,  however.  Hint  (<^),  page  2. 
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D  I  A  G  R  A  :m     of     Connections. 


Fig.  9. 

Mj  M.,  Supply  mains. 
D         Dynamo  armature. 
F         Dynamo  field  windings. 
R         Adjustable  resistance  for  regulating  exciting 

current. 
V         Voltmeter  for  measuring  armature  voltage. 
A        Ammeter  for  measuring  exciting  current. 
S         Switch  for  breaking  field  circuit. 


Instructions. — By  means  of  rheostat  R  keep  the  exciting 
current  as  registered  by  ammeter  A  constantly  at  the 
same  value. 

Note  the  readings  of  voltmeter  V  for  various  speeds 
of  revolution  of  the  armature.  Begin  with  the  lowest 
speed  for  which  a  satisfactory  reading  on  the  voltmeter 
can  be  obtained,  and  increase  the  speed  by  approximately 
equal  steps  for  successive  readings.  No  current  is  to  be 
taken  from  the  dynamo  throughout  the  experiment. 
The  readings  of  the  speed  should  be  taken  by  a  hand 
speed  counter,  or  by  a  tachometer,  or  automatic  speed 
counter. 

Any  convenient  method  of  obtaining  the  required 
variation  of  speed  may  be  adopted,  but  the  most  satis- 
factory method  is  to  drive  the  dynamo  by  an  electric 
motor,  and  to  vary  the  speed  of  the  motor  in  the  manner 
to  be  described  later  on  in  dealing  with  the  regulation 
of  motors  (see  Experiments  xiii.  and  xiv.). 
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Throughout  the  experiment  the  brushes  should  remain 
in  the  same  position.  This  should  be  the  position  giving 
the  greatest  reading  on  the  voltmeter  ;  its  position  with 
reference  to  the  poles  of  the  dynamo  will  depend  upon  the 
system  of  armature  winding.  In  the  position  giving  the 
maximum  voltage  at  no  load,  the  brushes  have  no  "lead." 

The  following  table  shows  the  method  to  be  adopted 
in  entering  up  the  results. 


DETERMINATIOX   OF   RELATION    BETWEEN   SPEED  AND 
VOLTAGE  OF  A  SEPARATELY-EXCITED  DVXAMO. 


Observer Date   

Dynamo  X'o Type 

Normal  Output volts amps,  at revs,   per  min. 

Exciting  Current amps. 


Armature  Voltnge. 

Voltmeter  No 

Constant 

Revolutions 

per 

Minute. 

Reading. 

True  Value. 

The  figures  in  the  coluinn  headed  "  true  value  "  are  obtained  by  multiplying  the 
figures  in  the  preceding  eoliimn  by  the  constant  of  the  voltmeter. 

The  results  should  be  plotted  on  squared  paper  as 
sho^^^l  in  Fig.  10,  speed  being  plotted  horizontally  and 
voltage  vertically.  The  curve  obtained  is  a  straight  line 
passing  through  zero.  This  indicates  that  speed  and 
voltage  bear  a  constant  ratio  to  each  other,  and  that  the 
voltage  becomes  zero  when  the  speed  of  revolution  of  the 
armature  becomes  zero. 

If  the  experiment  is  repeated  with  other  values  of  the 
excitation,  the  observations  will  give  other  straight  lines 
passing  through  zero.  The  higher  the  excitation  chosen, 
the  steeper  will  be  the  inclination  of  the  line.  If  the 
machine  is  unexcited  a  line  will  be  obtained,  showing  the 
voltage  due  to  residual  magnetism. 
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The  experiment  may  sometimes  be  useful  in  deter- 
mining the  magnetic  flux  through  the  armature  of  a 
dynamo, 

Ifj,the  number  of  conductors  on  the  armature  is 
known,  or  can  be  counted,  it  is  easy  from  this  experiment 
to  determine  the  number  of  magnetic  Hues  passing 
through  the  armature  core,  when  the  exciting  current 
has  the  value  employed  in  the  experiment. 
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Fig.  10.— Relation  between  Speed  .4nd  A'oltage  of  a  Dynamo. 


In  the  2-pole  dynamo  on  which  the  above  readings 
were  taken,  the  number  of  armature  conductors  was  360, 
At  its  normal  speed  of  1,450  revs,  per  minute  the  formula 
(2)  p.  31, 

1^  nF 


becomes  113 


60    ■    lO'* 
360       1450   y.  F 


60 


10*^ 


whence  F  =  1,300,000  (roughly)  =  number  of  magnetic 
lines  passing  through  the  armature  with  11  amperes 
excitation  (this  being  the  exciting  current  during  the 
experiment). 

The  nature  of  the  curve  obtained  in  Experiment  IV. 
gives  no  further  information  as  to  the  quality  of  the 
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design  or  construction  of  the  dynamo,  since  the  curve  in 
Fig  10  must  alwavs  be  a  straight  line  passing  through  the 
origin  0,  and  could  therefore  be  determined  completely 
by  a  single  observation  made  at  any  speed. 


CHAPTER  IV. 


The  Magnetic  Circuit. 

So  far  we  have  spoken  of  the  magnetic  field  of  the 
dynamo  without  considering  how  the  field  is  produced, 
except  that  it  is  due  to  the  action  of  a  current  circulating 
round  the  field  magnets.  We  have  now  to  determine 
what  relation  the  magnetising  current  bears  to  the 
strength  of  the  field  produced. 

The  magnetising  force  producing  the  magnetic  field  is 
proportional  to  the  product  of  the  strength  of  the  current 
circulating  round  the  magnets,  and  the  number  of  times 
which  it  flows  round  them.  The  effect  on  the  magnets 
is  the  same  whether  a  large  current  flows  a  few  times 
round  the  magnets,  or  a  small  current  flows  many  times 
round  them,  so  long  as  the  product  of  the  current  and 
number  of  windings  is  the  same  in  each  case. 

The  number  of  magnetic  lines,  or  the  strength  of  the 
magnetic  field,  produced  by  a  given  magnetising  force, 
depends  on  the  length  of  the  magnetic  lines  (which  are 
always  closed  curves)  and  the  nature  of  the  medium  in 
which  they  are  formed.  Air  is  taken  as  the  standard 
medium,  and  the  relative  ease  with  which  lines  of  force 
may  be  produced  in  any  other  substance  compared  with 
air  is  called  the  permeability  of  that  substance. 

The  permeability  of  iron,  usually  denoted  by  the 
symbol  /x,  is  equal  to 

No.  of  lines  of  given  length  produced  by  a  given  magnetising  force  in  iron. 
No.  of  lines  of  equal  length  produced  by  the  same  inagnetising  force  in  air. 

The  permeability  of  iron  is  always  much  higher 
than  that  of  air,  which  is  taken  as  unity.  As  a  general 
rule  it  is  desired  to  produce  the  maximum  strength  of 
field  from  the  application  of  a  minimum  magnetising 
force.  The  lines  of  force  are  therefore  made  as  short  as 
possible,  and  are  produced  as  far  as  practicable  in  iron. 
The  shape  of  the  iron  core  in  which  the  lines  of  force  are 
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produced,  and  which  forms  in  a  dynamo  a  nearly  com- 
plete circuit  of  iron,  determines  the  path  followed  by 
most  of  the  lines.  The  path  thus  determined  is  called 
the  magnetic  circuit  of  the  machine. 

It  is  of  the  utmost  importance  to  determine  the  exact 
relation  between  the  magnetising  force  and  the  number  of 
magnetic  lines  produced. 

This  has  to  be  done  beforehand  in  the  design  of  a 
dynamo,  and  the  calculated  relation  must  be  checked 
afterwards  in  the  completed  machine. 

It  is  very  important  that  students  should  gain 
experience  in  obtaining  the  relation  by  both  methods, 
namely,  by  calculation  from  dimensions,  and  by  experi- 
ment on  the  actual  machine. 

Magnetisation  Curve. — The  relation  between  the  mag- 
netising force  and  the  field  produced,  for  a  series  of 
values  of  the  magnetising  force,  may  be  represented 
by  a  curve  drawn  on  squared  paper.  In  such  a  curve 
either  magnetising  current  or  magnetising  force  is  plotted 
horizontally,  and  the  corresponding  value  of  the  magnetic 
field  passing  through  the  armature  is  plotted  vertically. 
Such  a  curve  when  drawn  for  a  particular  machine  is 
called  the  magnetisation  curve  of  the  machine.  As  is 
explained  later,  the  magnetisation  curve  may  be  plotted 
in  several  ways,  thus  it  is  very  usual  to  plot  voltage, 
instead  of  magnetic  flux,  vertically. 

The  magnetisation  curve  can  be  calculated  from  the 
drawings,  or  assumed  dimensions,  of  a  machine  before  it 
is  constructed.  Students  wishing  to  obtain  a  knowledge 
of  the  design  of  dynamos  should  practice  making  such 
calculations,  or  still  better,  they  should  measure  up  the 
magnetic  circuits  of  a  number  of  dynamos,  and  from 
sketches  made  from  these  measurements  they  should 
calculate  points  on  the  magnetisation  curve.  By  subse- 
quently running  the  machine  with  the  excitation  assumed 
in  the  calculations,  the  accuracy  of  the  work  can  be 
checked,  and,  which  is  still  more  important,  a  knowledge 
is  gained  of  the  relative  importance  of  the  various  factors 
in  the  calculation. 

After  a  short  discussion  of  the  principles  involved,  an 
outline  of  the  method  of  the  predetermination  of  the 
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magnetisation  curve  will  be  given,  with  an  example.  The 
method  of  experimental  determination  from  the  com- 
pleted dynamo  will  then  be  described. 

The  magnetic  circuit  of  a  dynamo  is  composed  partly 
of  iron  and  partly  of  the  air  gap  between  the  armature 
core  and  the  pole  faces.  The  relative  lengths  of  these  two 
parts  of  the  circuit  exercise  a  great  influence  on  the  shape 
of  the  magnetisation  curve. 

The  magnetising  force  must  be  sufficient  to  send  the 
lines  through  the  iron,  and  also  across  the  air  gaps,  and  to 
overcome  the  magnetic  resistance,  or  reluctance,  of  both 
these  portions  of  the  circuit.  The  important  difference 
between  the  iron  and  air  portions  of  the  circuit  is  that  the 
permeability  (and,  consequently,  the  magnetic  resistance 
offered  to  the  passage  of  the  lines  of  force)  of  the  air  gaps 
is  constant,  and  is  not  affected  by  the  number  of  lines  in 
the  circuit.  On  the  other  hand,  the  permeability  of  iron 
is  not  a  constant  quantity,  but  depends  on  the  density  of 
magnetic  lines  induced  in  it. 

The  curve  in  Fig.  11  shows  graphically  the  relation 
between  magnetising  force  and  number  of  lines  per  square 
inch  produced  in  a  sample  of  iron.  For  convenience  in 
making  use  of  the  curve  the  horizontal  scale  is  divided 
into  "  ampere-turns"  instead  of  units  of  magneto-motive 
force.*  The  relation  between  the  two  scales  is  given  by 
the  equation : 

4:71" 

Magneto-motive  force  =  — -   <   (ampere-turns). 

Further,  the  magnetising  force  is  given  in  ampere- 
turns  'per  inch  of  length,  i.e.,  the  number  of  ampere-turns 
required  to  produce  magnetic  lines  lin.  long.  In  order  to 
produce  lines  of  any  other  length,  the  required  number  of 
ampere-turns  would  be  the  number  given  by  the  curve 
multiplied  by  the  length  of  the  lines. 

The  lower  part  of  the  curve  is  approximately  straight, 
showing  that  the  number  of  lines  produced  increases 
practically  in  proportion  to  the  magnetising  force. 

The  curve  makes  a  decided  bend  to  the  right  above 
the   first    straight   portion,    and    beyond   this    bend,    or 

*  See  fuller  calculation  p.  41. 
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"  knee,"  the  number  of  lines  increases  much  more 
gradually  compared  with  a  given  increase  in  magnetising 
force. 

The  iron  is  said  to  be  saturated  when  subjected  to  a 
sufficient  magnetising  force  to  produce  the  condition 
represented  by  the  curve  above  the  bend.  In  general, 
therefore,  if  the  iron  is  not  saturated,  the  field  produced 
in  it  increases  rapidly  with,  and  in  proportion  to,  an 
increase  in  magnetising  force.  When  the  iron  is  saturated 
this  proportionality  ceases,  and  the  increase  of  magnetic 
density  is  comparatively  small  for  a  given  increase  in  the 
magnetising  force  applied. 
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The  curve  of  Fig.  11  is  the  magnetisation  curve  for  a 
sample  of  wrought  iron.  Similar  relations  between 
magnetising  force  and  number  of  lines  produced  are  to  be 
found  in  the  case  of  all  magnetic  circuits  containing  iron. 

The  important  .features  of  the  curve  are  the  initial 
straight  portion,  when  the  induction  increases  rapidly  in 
proportion  to  the  magnetising  force,  and  the  compari- 
tively  flat  portion  above  the  knee,  where  an  increase  in 
magnetising  force  produces  only  a  comparatively  slight 
effect. 

The  magnetisation  curve  for  a  core  formed  of  air,  or 
any  other  non-magnetic  substance,  would  be  a  straight 


THE    MAGNETIC    CIRCUIT.  41 

line.  This  would  be  inclined  at  a  very  small  angle  to  the 
horizontal  if  drawn  to  the  scale  of  Fig.  11,  since  the 
permeability  of  non-magnetic  materials  is  very  much  less 
than  that  of  iron. 

Calculation  of  Magnetisation  Curve. — In  calculating  the 
magnetising  force  for  a  magnetic  circuit,  it  is  advisable  to 
take  separately  each  portion  of  the  circuit,  and  calculate 
the  magnetising  force  necessary  to  send  the  magnetic 
lines  through  that  portion.  The  total  magnetising  force 
for  the  circuit  is  obtained  by  adding  the  forces  so 
calculated  for  each  part  of  the  circuit  in  detail. 

The  magnetising  force  producing  the  flux  in  the 
magnetic  circuit  of  a  dynamo  is  measured  in  terms  of  the 
rnagneto-motive  force.  It  is  directly  proportional  to  the 
current  flowing  round  the  magnets,  and  to  the  number 
of  turns  of  wire  through  which  the  current  flows  round 
the  magnets.     In  actual  symbols 

Magneto-motive  force    =  _ .    "    =   1-257    N.C. 

where  N  =  number  of  turns  of  magnet  winding 
C  =  exciting  current  in  amperes. 

The  product  of  the  exciting  current  by  the  number  of 
windings  {i.e.  N.C.)  is  called  the  "  ampere-turns  "  of  the 
magnet   windings. 

The  induction,  or  number  of  lines  per  square  centi- 
metre produced  by  a  given  magneto-motive  force,  is  equal 
to  the  magneto-motive  force  (M.M.F.)  divided  by  the 
length  of  the  lines  in  the  portion  of  the  circuit  in  which  the 
magneto-motive  force  is  taken  as  acting,  and  multiplied 
by  the  permeability  of  the  medium  in  which  the  lines  are 
formed. 

Thus  B  =   —J— — j^  /uL  =   l-2o7  — y-^ 

where  B  =  number  of  lines  per  square  centimetre 
L  =   length  of  lines  in  centimetres 
JUL  =  permeability  of  medium, 

*  The  factor  Aw  is  introduced  owing  to  tbe  definition  of  the  unit  of 
current.  Also  the  absolute  unit  of  current  —  10  amperes,  which  accounts 
for  the  factor  la. 
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or,  converted  into  British  units, 

1     N.C. 


B"  = 


•313     L" 


L"  being  in  inches, 
and  B"  in  Hnes  per  square  inch. 

These  formulae  may  be  written 

or 

■N.C.=  -313  • 

In  using  these  formulae  reference  must  be  made  to  a 
table  or  curve  giving  values  of  ^  for  the  particular  quality 
of  iron  employed,  or  giving  the  relation  between  B  and  H, 
which  are  respectively  the  density  of  lines  in  iron  and  in 

air,  due  to  a  given  magneto-motive  force.     Since  /x  =  -tt 

^  can  be  calculated  from  the  values  of  B  and  H  corre- 
sponding to  any  value  of  B. 

In  practice  it  is  usually  more  convenient  to  employ 
curves  showing  the  relation  between  ampere-turns  and 
induction  directly,  as  in  Fig.  11.  From  such  a  curve  the 
number  of  ampere-turns  per  inch  length  of  lines  required 
for  a  given  induction  may  be  read  off  directly.  By  simply 
multiplying  by  the  length  of  the  lines,  the  required 
ampere-turns  are  obtained  for  each  portion  of  the  circuit. 

The  induction,  or  density  of  magnetic  lines,  in  any 
portion  of  the  magnetic  circuit  is  obtained  by  dividing  the 
total  number  of  lines  by  the  section  of  the  magnetic  circuit 
in  which  they  are  formed.  The  length  of  the  lines  must 
be  estimated  according  to  the  average  path  which  will 
be  followed  by  the  magnetic  flux. 

Example  of  Calculation  of  a  Magnetisation  Curve. — As  an 
illustration  of  the  method  of  calculation,  assume  the  case 
of  a  4-pole  dynamo  to  give  110  volts  at  700  revs,  per 
minute,  with  150  conductors  on  the  armature. 

If  run  at  full  speed  without  load,  as  in  Experiment  IV., 
the  number  of  lines  of  force  which  must  pass  through  the 
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armature  in  order  to  produce  the  full  voltage  will   be 
given  by  the  following  formula,  as  explained  on  page  31. 

N  nF 


60  X  10*^  X  p 

Where  F  =  armature  voltage. 

N  =  number  of  conductors  on  surface  of  armature. 
n  =  revolutions  per  minute  of  armature. 
J)  =  number  of  pairs  of  poles. 
F  =  total  number  of  lines  of  force. 

Whence  the  magnetic  flux  through  the  armature 

^  ^  J.m^W.y  ,110;60.10-x2  ^ 
N  n  150  X  700 

This  is  the  actual  number  of  lines  necessary  to  give 
110  volts  when  running  on  no  load.  The  number  of 
lines  per  pole  will  be  one-half  this  amount. 

Having  determined  the  necessary  magnetic  flux,  the 
following  figures  are  assumed  to  be  taken  from  drawings, 
of  the  machine.  The  densities  in  the  various  portions  of 
the  magnetic  circuit  are  obtained  by  dividing  the  sectional 
area  of  each  portion  by  the  total  number  of  lines  passing 
through  it. 

Length  of  path  per  pole  in  air  gap              .  .  •  25in. 

yoke     . .          . .  lOin. 

„             „             ,,           magnet  core    .  .  6in. 

,,             ,,             ,,           armature  core  4in. 

At  110  volts,  the  flux  in  the  magnetic  circuit  would  be 
sufficient  to  produce  the  following  calculated  densities  : — 

Lines  per  square  inch  in  air  gap  , .  =  40,000 

yoke      .  .  .  .  =  80,000 

,,  ,,  magnet  core    .  .  =  90,000 

,,  ,,  armature  core  .  .  =  50,000 

Referring  to  Fig.  11,  the  ampere-turns  required  are*  : — 

■""  If  the  magnetic  circuit  is  not  composed  of  material  of  the  same  magnetic 
quality  throughout,  a  different  magnetic  curve  should  be  employed  for  each 
different  quality  of  iron  used. 
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Ampere-turns  per  pole  for  air  gap 

=  •313  X  40,000     •25-;^,  130 

yoke   .  .  .  .     =25  X  10  =    250 

,,  ,,  magnet  core        =38  x     6  =    228 

armature  core      =10.      4=       40 


Total  ampere-turns  per  pole    =   3,648 
This  will  give  one  point  on  the  magnetisation  curve 
corresponding  to  a  voltage  of  110. 

By  assuming  a  decreased  magnetic  flux  and  corre- 
spondingly decreased  voltage — say,  }  of  the  first  value — 
a  decreased  density  and  altered  number  of  ampere-turns 
is  obtained  for  each  portion  of  the  magnetic  circuit,  and 
consequently  a  fresh  value  for  the  total  ampere-turns 
required  for  the  machine. 

A  succession  of  points  calculated  in  this  way  gives 
the  curve  shown  in  Fig.  12. 

This  curve  will  only  give  an  approximate  general  idea 
of  the  magnetisation  curve  of  the  machine.  The  effect  of 
magnetic  leakage  is  ignored  in  its  calculation. 
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Ampere-turns. 
Fig.  12.— Calculated  Magnetisation  Curve. 

Owing  to  a  certain  proportion  of  the  magnetic  lines 
passing  from  pole  to  pole,  or,  between  the  magnet  limbs, 
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without  passing  through  the  armature,  the  actual  num- 
ber of  magnetic  hnes  calculated  for  in  the  limbs  and  yoke 
must  exceed  the  number  required  in  the  armature  by 
20  to  30  per  cent.  In  repeating  a  calculation  similar  to 
the  one  just  given  this  allowance  should  be  made. 

The  ratio  of  the  total  number  of  lines  formed  by  the 
magnet  windings  to  the  number  passing  through  the 
armature  is  called  the  coefficient  of  magnetic  leakage 
(see  p.  51).  Consequently,  if  in  the  magnetic  circuit 
the  leakage  coefficient  is  1-2,  we  should  have  to  calculate 
the  windings  so  as  to  produce  1-2  x  F  lines  in  the  magnets 
and  yoke,  where  F  is  the  flux  required  in  the  armature. 
The  flux  in  the  armature  and  air  gap  must,  however, 
still  be  taken  as  F  lines. 

Experimental  Magnetisation  Curve. —  The  experimental 
method  of  determining  the  magnetisation  curve  of  a 
machine  is  next  to  be  described. 

The  machine  is  driven  at  a  constant  speed,  while  the 
exciting  current,  which  is  derived  from  a  separate  source, 
is  varied,  and  the  effect  of  this  variation  on  the  voltage 
is  observed. 

The  magnetisation  curve  is  often  called  the  open 
circuit  characteristic. 

Experiment  V. — Determination  of  the  Magnetisation 
Curve,  or  Relation  between  Voltage  and 
Exciting  Current  of  a  Dynamo,  at  No  Load. 

Diagram  of  Connections. — Same  as  for  Experiment  IV,, 
Fig.  9,  page  33,  or  as  shown  in  Fig.  13,  below  which  will 
often  be  found  the  most  suitable  for  obtaining  a  wide 
range  of  readings. 


s 

Fig.  13.— Alternative  Connections  for  Experiment  V 
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Connections. — These  may  be  made  as  in  Experiment 
IV.,  but  the  rheostat  must  in  this  case  be  of  fairly  high 
resistance  and  capable  of  great  variation,  in  order  to  give 
great  variation  in  the  values  of  the  exciting  current.  It 
need  not  be  capable  of  very  fine  adjustment. 

If  a  suitable  resistance  is  available,  a  wider  range  can 
be  conveniently  obtained  by  making  connections  to  the 
field  winding  as  shown  in  Fig.  13.  The  mains  are  here 
connected  to  the  ends  a  c  of  a  resistance  of  sufficient 
value  and  carrying  capacity  not  to  become  overheated 
when  permanently  connected  to  the  supply,  and  also 
carrying  the  field  current.  The  field  winding  is  connected 
to  one  end  of  the  resistance  a,  and  also  to  the  moving 
point  b,  so  as  to  receive  the  voltage  of  a  variable  portion 
of  the  resistance.  An  ammeter  reads  the  value  of  the 
field  current  as  before. 

Instructions. — Beginning  with  the  exciting  current  nil, 
increase  it  gradually  by  altering  the  resistance  R,  until 
the  maximum  current  is  reached. 

Then  decrease  the  current  by  similar  steps.  For  each 
value  of  the  exciting  current  read  the  voltage  on  V  and 
the  speed.  The  speed  should  be  kept  constant  throughout 
the  experiment.  Any  variation  from  the  normal  speed 
wiU  affect  the  readings  of  the  voltmeter.  As,  however, 
the  variation  in  the  readings  of  the  voltmeter  is  strictly 
proportional  to  the  variation  in  speed  (see  last  experi- 
ment), it  is  easy  to  make  a  correction,  in  case  the  speed 
should  vary  slightly,  in  order  to  bring  all  the  readings  to 
their  proper  value  corresponding  to  normal  speed. 

Let  n  =  revs,  per  minute  at  normal  speed. 
n'  =  revs,  per  minute  observed. 
V  =  required  voltage   corresponding  to   normal 

speed. 
F'  =  voltage  actually  observed  at  speed  w'. 

Then  V  =  F'~ 
n 

In  the  table  of  results  given  below,  the  column  headed 
"  Voltage  corresponding  to  Normal  Speed "  is  thus 
obtained  from  the  preceding  column  with  the  heading 
''  True  Value." 
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The  readings  should  be  entered  as  shown  in  the  table 
given  below. 

In  each  case  the  column  headed  "  True  Value  "  is 
obtained  from  the  preceding  one  by  making  the  correc- 
tion in  the  readings  of  the  instrument  found  necessary 
during  the  calibration  of  the  instrument.     The  results  of 

DETERMINATION  OF  MAGNETISATION  CURVE  AT  NO 
LOAD. 


Observer Date 

Dynamo  No Type    

Normal  Output volts amps.,  at revs,  per  min. 


Exciting  Current. 

Revolutions 

per 

Minute 

=  n' 

Armature  Voltage. 

Ammeter  > 
Constant 

fo 

Voltmetei 
Constant 

•No 

Reading. 

True 
Value. 

Reading. 

True 
Value 
=  V 

Voltage 
correspond- 
ing to 

Normal 
Speed  =  V. 

■ 

the  experiment  should  be  set  out  on  a  curve,  the  exciting 
current  being  measured  horizontally  and  the  voltage  of 
the  armature  vertically. 

Fig.  14  shows  the  results  obtained  in  an  experiment 
made  upon  a  2-pole  3|  h.p.  Crompton  dynamo. 

The  results  obtained  by  the  experiment  form  two 
curves,  one  slightly  above  the  other.  The  lower  curve 
represents  the  values  of  the  voltage  obtained  in  the  first 
part  of  the  experiment  as  the  exciting  current  was 
increased,  and  the  upper  curve  represents  the  values 
during  the  process  of  decreasing  the  cuiTent. 
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The  dotted  curve  is  the  mean  curve  derived  from  the 
two  sets  of  observed  readings. 
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Amperes  Excitation. 

Total  Windings,  2,800. 

FU!.    14.— M.tGNETIS.tTION    CURVE    AT    NO    LOAD. 


Hysteresis. — The  failure  of  the  two  curves  to  coincide  is 
due  to  the  hysteresis _  of  the  magnetic  circuit.  Hysteresis 
is  a  property  of  iron  and  steel  which  causes  them  to  resist 
any  change  of  magnetic  condition.  It  is  due  to  some  kind 
of  molecular  friction,  tending  to  maintain  the  particles  of 
the  metal  in  their  positions  of  magnetisation  or  demag- 
netisation, when  these  positions  are  once  assumed. 

Soft  wrought  iron  shows  very  little  hysteresis  effect, 
whereas  steel  (especially  hard  qualities  of  steel)  shows 
the  effect  strongly. 

The  distance  apart  of  the  two  curves  in  Fig.  14  will 
be  an  indication  of  the  nature  of  the  metal  used  in  the 
magnetic  circuit  as  regards  hysteresis. 
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Residual  Magnetism. — It  should  be  noticed  that  the 
curve  does  not  pass  through  zero,  but  cuts  the  vertical 
axis  at  a  point  above  the  horizontal  base  line,  correspond- 
ing to  about  8  volts.  This  is  because  the  magnets  still 
retain  some  magnetism  when  the  exciting  current  is 
cut  off.  This  remaining  magnetic  field  is  called  the 
residual  magnetism  of  the  dynamo.  It  is  due  to  the 
molecular  structure  of  the  iron  composing  the  magnets, 
which  prevents  the  magnets  returning  to  their  original 
unmagnetised  condition,  unless  made  to  do  so  by  some 
external  force,  such  as  strong  vibration,  or  the  stray  field 
of  a  neighbouring  dynamo. 

Owing  to  its  residual  magnetism,  a  dynamo  is  able  to 
give  a  low  voltage  without  any  exciting  cuiTent.  It  is 
this  that  makes- it  possible  for  a  dynamo  to  become 
self-excited  when  started  from  rest.  In  a  shunt-wound 
dynamo  the  small  current  generated  by  the  residual  field 
flows  through  the  magnet  windings  and  strengthens 
the  field.  This  enables  the  dynamo  to  generate  a 
stronger  current,  which  again  reinforces  the  action  of 
the  machine. 

The  height  above  the  horizontal  axis  of  the  point  of 
intersection  of  the  magnetisation  curve  ^tvith  the  vertical 
axis  is  a  measure  of  the  amount  of  residual  magnetism. 
For  a  given  material  the  residual  magnetism  will  depend 
upon  the  perfection  of  the  magnetic  circuit,  and  will  be 
greater  the  more  perfect  that  circuit  is.  A  magnetic 
circuit  consisting  of  a  complete  ring  of  iron  would  not 
tend  to  become  demagnetised  at  all,  since  there  would  be 
no  free  poles. 

It  is  important  to  notice  that  the  true  magnetisation 
curve  cannot  be  obtained  without  both  ascending  and 
descending  values  of  the  excitation.  The  true  curve  is 
the  mean  of  the  two,  and  can  only  be  obtained  experi- 
mentally by  taking  both. 

Although  not  usually  carried  out,  an  extension  of  the 
experiment  above  described  may  be  made,  giving  interest- 
ing results.  After  taking  the  magnetisation  curve  by 
varying  the  excitation  first  upwards  and  then  downwards 
as  described,  the  direction  of  the  field  current  may  be 
reversed  and  gradually  increased  in  the  reverse  direction 
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to  the  same  value  as  that  reached  in  the  first  part  of  the 
experiment.  If  the  excitation  is  then  gradually  decreased 
and  the  readings  of  voltage  plotted  below  the  horizontal 
axis,  a  double  curve  is  obtained  heloic  the  base  line  which 
will  be  similar  in  shape  to  that  shown  in  Fig.  14  above 
the  line,  and  will  form  with  the  original  magnetisation 
curves  a  complete  hysteresis  loop  similar  to  that 
obtained  in  subjecting  iron  test  samples  to  a  complete 
cycle  of  magnetising  forces.  This  complete  curve  will 
help  the  student  to  understand  the  reason  for  the  difference 
between  the  ascending  and  descending  curves  obtained 
Avhenever  the  ascending  and  descending  magnetisation 
curve  is  taken. 

The  true  inclination  of  the  magnetisation  curve  where 
it  passes  through  zero,  which  is  of  importance  since  it 
gives  the  reluctance  of  the  air  gap,  can  only  be  obtained 
from  the  complete  positive  and  negative  magnetisation 
curves.  These  curves  are  therefore  of  great  theoretical 
interest  in  the  case  of  a  new  or  special  design  of  magnetic 
circuit. 

Nature  of  the  Magnetisation  Curve. — Since  in  this 
experiment  the  armature  revolves  at  a  constant  speed,  its 
voltage  is  directly  proportional  to  the  number  of  magnetic 
lines  of  force  which  are  cut  by  the  conductors.  The 
curve  therefore  represents  the  relation  between  the 
exciting  current  and  the  magnetic  lines  passing  through 
the  armature.  The  general  form  of  the  curve  is  therefore 
similar  to  the  well-loiown  magnetic  cui've  of  iron.  (See 
Fig.  11,  p.  40). 

In  order  to  compare  directly  Strength  of  Field  (as 
measured  by  lines  of  force)  and  Exciting  Current,  it  would 
be  necessary  to  construct  a  fresh  vertical  scale  for  the 
curve,  plotting  "  number  of  lines  "  instead  of  "  volts." 
This  may  be  done  as. explained  on  page  35.  In  ordinary 
practice  such  a  curve  would  be  of  less  use  than  the  curve 
shown  in  Fig.  14,  which  is  the  curve  usually  designated 
as  the   "  magnetisation  curve." 

Since  the  magneto-motive  force  is  proportional  to  the 
ampere-turns,  it  is  sometimes  convenient  to  graduate  the 
horizontal  scale  of  the  curve  in  "ampere-turns  "  instead 
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of  "  amperes,"  and  thus  to  get  a  more  direct  comparison 
between  the  magnetising  force  and  the  voltage  produced. 

For  example,  in  the  magnetisation  curve  given  on 
Fig.  14  each  small  division  of  the  horizontal  scale  corre- 
sponds to  -05  ampere.  The  field  windings  of  the  machine 
have  2,800  turns.  Hence  each  division  would  correspond 
to  2,800  ■  -05  =140  ampere-turns,  and  the  horizontal 
scale  might  be  figured  accordingly,  each  of  the  thicker 
divisions  being  700  ampere-turns.  The  horizontal  scale 
of  Fig.  12,  page  44,  is  graduated  in  this  way. 

In  the  same  way  the  horizontal  scale  might  be  made 
to  represent  magneto-motive  force  (M.M.F.),  since 

magneto-motive  force  =  — r— — 

where  ^'    =  number  of  windings  ;    C   =  exciting  current. 

This  method  of  division  is  carried  out  in  Fig.  15. 

Again,  referring  to  Fig.  14,  the  curve  bends  over  at 
the  upper  end  owing  to  the  decrease  in  the  permeability* 
of  the  iron,  and  the  increased  magnetic  leakage  at  higher 
degrees  of  saturation. 

The  magnetic  leakage,  which  increases  at  higher 
magnetic  densities,  may  be  taken  as  proportional  to  the 
exciting  current.  It  is  caused  by  lines  passing  between 
points  at  different  magnetic  potential  through  the  air. 
instead  of  round  the  iron  magnetic  circuit  of  the  djoiamo. 
The  difference  of  magnetic  potential  between  these  points 
will  increase  with  increased  magneto-motive  force  in 
the  circuit,  i.e.,  with  the  exciting  current.  Hence,  since 
the  reluctance  of  the  air  path  is  constant,  the  leakage  will 
be  nearly  proportional  to  the  exciting  current.  From 
this  it  follows  that  the  less  the  permeability  of  the  iron 
becomes,  the  greater  becomes  the  ratio  which  the  leakage 
field  bears  to  the  useful  flux  produced  by  a  given  mag- 
netising force,  and  the  greater  the  coefficient  of  leakage. 

The  "  coefficient  of  magnetic  leakage  "  of  a  dynamo  is 
the  ratio  of  the  total  number  of  magnetic  lines  formed  in 

*  The  permeahility  of  iron  is  the  ratio  of  the  number  of  lines  of  force  which 
a  given  magneto-motive  force  (or  a  given  number  of  ampere-turns)  will 
produce  in  an  iron  core  to  the  number  of  lines  which  the  same  force  would 
produce  a  non-magnetic  core,  e.y.,  in  air. 
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the  magnetic  circuit  to  the  number  which  actually  pass 
through  the  armature,  and  are  cut  by  the  armature 
conductors. 

The  letter  v  is  the  usual  symbol  used  for  denoting  the 
coefficient  of  magnetic  leakage.  The  value  of  v  is  usually 
between  ri5  and  1-5.  Thus  the  total  number  of  ampere- 
turns  required  for  a  dynamo  in  order  that  it  may  give  a 
desired  voltage  is  the  number  necessary  to  produce 
V  times  as  many  magnetic  lines  as  would  be  necessary  if 
there  were  no  leakage. 

The  value  of  v  will  not  vary  much  with  the  exciting 
current  within  narrow  limits,  since  for  small  variations 
both  the  useful  and  leakage  fluxes  will  increase  nearly 
in  proportion  to  the  excitation. 

The  first  part  of  the  curve  in  Fig.  14  is  approximately 
straight,  and  the  tangent  of  the  angle  which  it  makes  with 
the  horizontal  will  be  inversely  proportional  to  the 
magnetic  resistance  or  "reluctance  "  of  the  circuit.*  The 
steeper  the  inclination  of  the  straight  portion  of  the  curve 
the  less  is  the  reluctance  of  the  magnetic  circuit. 

In  the  magnetic  circuit  of  a  dynamo,  some  of  the 
magnetising  force  will  be  required  to  send  the  lines  through 
the  iron  of  the  circuit,  and  some  will  be  employed  in 
forcing  them  across  the  air  gaps.  Upon  the  relative 
magnetic  resistance  of  these  two  portions  of  the  circuit 
will  depend  the  shape  of  the  curve  to  a  large  extent. 

The  lowest  part  of  the  curve  is  straight,  since  the 
permeability  of  both  the  iron  and  the  air  gaps  is  fairly 
constant  at  low  inductions,  and  the  number  of  lines 
increases,  therefore,  in  the  same  proportion  as  the  mag- 
netising force.  The  slope  is  determined  by  the  ratio 
between  the  magnetic  flux  produced  and  the  magnetising 
force. 

Influence  of  Air  Gap. — Since  the  permeability  of  iron  at 
low  magnetic  densities  is  very  great,  several  thousand 
times  that  of  air,  the  magnetic  resistance  of  the  iron  cir- 
cuit will  usually  be  very  much  less  than  that  of  the  air 

*  Because  the  tangent  of  this  aiifrle  is t- — -. — ,   which  is  proportional  to 

'^  "^  excitation  ^     ^ 

flux            ,,,                 .-        ,      .                 M.M.F. 
,,---,,  audtlie  magnetic  rehictance  =     -^ 
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gaps,  although  the  air  gaps  form  a  very  small  fraction  of 
the  total  length  of  the  magnetic  circuit.  The  curve  will, 
therefore,  be  at  first  almost  the  same  as  if  the  air  gaps 
had  been  the  only  portion  of  the  circuit  offering  resistance 
to  the  magnetising  force.  It  is,  consequently,  the  reluct- 
ance of  the  air  gaps  which  determines  almost  entirely 
the  initial  slope  of  the  curve.*  This  is  important,  since 
this  part  of  the  curve  supplies  the  means  of  calculating 
the  reluctance  of  the  air  gap. 

In  order  to  illustrate  this.  Fig.  15f  is  given,  in  which 
three  magnetisation  curves  are  shown,  all  taken  from  the 
same  machine  but  with  different  air  gaps.  The  machine 
employed    in    taking   these    curves    was    provided    with 
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Fig.  15.— Mag.netisation  Curve  of  Dynamo  with  varying  Air  Gap. 

Curve     I.  Air  Gap  0'5" 
II.         „  075' 

„       III.         ,.  0-97" 

*  As  pointed  out  on  page  50,  the  complete  positive  and  negative  curves 
are  really  required  to  find  the  true  inclination  of  this  portion  of  the  curve. 

t  The  curves  were  kindly  supplied  by  Mr.    G.  D.    Aspinall  Parr,    of   the 
Yorkshire  College,  Leeds. 
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movable  pole-pieces,  which  could  be  fixed  at  different 
distances  from  the  armature,  thus  allowing  the  air  gap  to 
be  varied. 

The  particulars  of  the  clearance  are  stated  below 
the  curves. 

As   explained   more   fully   on   page    41,   the    number 

of  lines  in  a  magnetic  circuit  is  equal  to  the  quotient 

obtained  by  dividing  the  magnetising  force  by  the 

reluctance  of  the  circuit. 

^^       I.  ■  j_-    T  Magneto-motive  forcet 

JNo.  oi  magnetic  imes  =  „   , — ■ ;; — -. r-^ 

Keluctance  oi  cu'cuit, 

T^  ,     ,  n     .       .^      Magneto-motive  force 

.  • .  Keluctance  or  circuit  =  ^^  "    „  --. — r^ 

i\o.  of  magnetic  lines. 

In  order  to  calculate  the  approximate  reluctance  of  the 

„  ,  1  .     „      , .        Magneto-motive  force 

air  gap,  the  value  oi  this  traction,  — ~^ ^^. 

°  ^  No.   of  lines 

must  be  calculated  for  any  convenient  point  on  the 
straight  portion  of  the  curve. 

For  convenience  in  calculation,  in  Fig.  15  the  straight 
portion  of  each  curve  is  continued  up  to  the  horizontal 
line  corresponding  to  1,000,000  lines. 

In  the  case  of  the  Curve  I.,  the  magneto-motive 
force  corresponding  to  1,000,000  lines  is  5,200,  and 
consequently, 

5  200 
Reluctance  =  ^^^^^^^^  =  "0052 


From  Curve  II 
Reluct 
From  Curve  III. 


Reluctance  =  ^mm  ^  '^^'^ 


Reluctance  =  ^^^^^  =  -0104 

It  will  be  seen  that  the  values  of  the  reluctance  are 
nearly  in  the  same  proportion  as  the  lengths  of  the  air 

gap- 

I  Thii  is  an  aDalogous  law  to  Ohm's  law  of  the  electric  circuit,  where 
,  _  Electro-motive  force 
liesistauce  of  circuit. 
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These  calculated  values  are  only  approximate,  since 
the  calculation  neglects  entirely  the  reluctance  of  the  iron 
part  of  the  circuit.  The  degree  of  approximation  is, 
however,  sufficient  to  make  the  results  of  use  in  designing. 
With  slotted  armature  cores  and  very  small  air  gap  the 
error  in  such  a  calculation  is  considerably  increased. 

As  an  illustration  of  the  approximate  determination 
of  the  magnetising  force  required  for  the  air  gap  by  direct 
inspection  of  the  magnetisation  curve,  we  may  take  the 
case  of  the  calculated  curve  in  Fig.  12,  p.  44.  Applying 
a  ruler  to  the  initial  straight  portion  of  the  curve,  and 
continuing  the  line  to  cut  the  parallel  corresponding  to 
110  volts,  we  find  that  the  point  of  intersection  corresponds 
to  3,500  ampere-turns.  The  actual  number  of  ampere- 
turns  required  for  the  air  gap  was  calculated  to  be  3,130. 
By  assuming  that  all  the  ampere-turns  giving  the  straight 
portion  of  the  curve  are  spent  in  the  air  gap,  we  have 
got  a  result  about  10  per  cent,  too  high.  This  result 
agrees  fairly  well  with  what  might  be  expected  in  ordinary 
cases. 

Comparing  Fig.  11  (page  40),  which  represents  what 
is  practically  the  magnetisation  curve  for  a  magnetic 
circuit  without  air  gap,  with  the  lowest  curve  on 
Fig.  14  (page  48),  which  is  the  curve  for  a  circuit  with 
a  wide  air  gap,  or  comparing  the  upper  and  lower  curves 
on  Fig.  15  (page  53)  together,  it  is  ea«y  to  see  the  general 
effect  of  the  air  gap  on  the  shape  of  the  magnetisation 
curve.  The  greater  the  influence  of  the  air  gap  the  more 
does  the  curve  approximate  to  a  straight  line  with  no 
decided  bend,  and  the  more  does  it  incline  to  the  right, 
showing  an  increased  reluctance. 

The  bend  divides  the  curve  into  two  portions.  In 
the  lower  part  the  permeability  of  the  circuit  is  high, 
and  the  field  strength  increases  rapidly  with  increased 
excitation,  and  in  nearly  the  same  ratio.  The  upper 
part  of  the  curve  above  the  bend  corresponds  to  a 
saturated  field  in  which  slight  alterations  in  excitation 
produce  very  little  effect,  so  that  the  voltage  is  fairly 
stable. 

Machines  which  are  required  to  work  entirely  on  the 
steep  straight  portion  of  the  curve,  or  on  the  flat  part 
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above  the  bend,  should  have  as  small  an  air  gap  as 
possible. 

The  fact  that  different  portions  of  the  magnetic 
circuit  become  saturated  successively  causes  the  bend 
in  the  curve  to  be  less  well  marked  in  many  dynamos. 

Determination    of    Number    of    Ampcrc-turns    from    Curve. — 

The  magnetisation  curve  may  be  used  in  order  to 
determine  the  number  of  ampere-turns  which  would  be 
most  suitable  for  a  given  dynamo.  For  an  ordinary  shunt 
dynamo  the  most  .economical  number  of  ampere-turns 
would  be  the  number  corresponding  to  the  "  knee  "  of  the 
curve,  that  is,  where  the  curve  begins  to  bend  decidedly 
to  the  right,  say  the  point  opposite  to  TO  or  1-2  amperes 
in  Fig.  14,  page  48. 

If  the  normal  exciting  current  is  considerably  above 
or  below  the  value  thus  determined,  the  design  is  not 
the  most  economical,  in  one  case  of  exciting  current,  in 
the  other  case  of  material.  Usually  the  saturation 
would  be  chosen  somewhat  higher,  in  the  region  where 
the  variation  of  volts  for  a  given  variation  of  exciting 
current  is  less,  to  ensure  steadier  running. 

If  Experiment  V.  above  described  is  being  carried  out 
on  a  new  dynamo  in  order  to  determine  the  best  excita- 
tion, the  number  of  windings  on  the  magnets  will 
probably  be  known.  The  product  of  this  number  by 
the  measured  current  wiU  give  the  number  of  ampere- 
turns  required. 

Determination  of  Number  of  Windings  on  a  Bobbin. — If  the 

number  of  windings  is  not  known,  the  graduation  of 
the  horizontal  scale  of  the  magnetisation  curve  in  terms 
of  ampere-turns  instead  of  amperes  can  only  be  accom- 
plished after  the  number  of  turns  on  the  bobbin  has 
been  determined.  This  may  be  carried  out  in  the 
following  manner  : — 

Run  the  dynamo  at  normal  speed  and  excite  the 
shunt  winding  from  an  independent  source  with  a 
measured  current.  Take  readings  simultaneously  of 
the  excitation  and  armature  voltage,  the  connections 
being  the  same  as  in  Experiment  V.  Then  wind  closely 
round  the  bobbins  a  number  of  turns  of  cable,  and  connect 
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these  to  the  supply  instead  of  the  shunt  winding,  intro- 
ducing in  the  circuit  a  variable  resistance.  Now  run  the 
dynamo  at  the  same  speed  as  before,  and  adjust  the 
excitation  in  the  temporary  winding,  until  the  armature 
voltage  is  exactly  equal  to  that  previously  obtained. 
Under  these  conditions  the  ampere-turns  acting  on  the 
magnets  must  be  equal  to  the  ampere-turns  due  to  the 
shunt  winding  previously  used.     Consequently,  if 

n  =  required  turns  of  shunt  winding, 
c  =  current  employed  with  shunt  winding, 
n'  =  turns  wound  in  second  case, 
c'  =  current  employed  with  temporary  winding, 
then  n  c  =  n    c 

n    c' . 

.•.  n  =  


If  the  magnetisation  curve  has  just  been  taken  the 
first  reading  with  the  magnet  winding  need  not  be  taken 
specially,  as  one  of  the  values  of  the  voltage  and  excita- 
tion, taken  from  the  curve,  will  answer  the  purpose. 

Often  the  number  of  windings  on  a  bobbin  may  be 
pretty  accurately  estimated  by  determining"  the  total 
resistance  of  the  winding,  and  also  measuring  the  size  of 
the  wire  with  a  micrometer  gauge.  By  reference  to  a 
table  of  wires,  the  resistance  per  yard  may  be  ascertained 
for  a  wire  of  a  diameter  thus  determined.  Consequently, 
the  length  of  wire  on  the  bobbin  may  be  calculated  from 
the  measured  resistance.  By  measurement  of  the  apparent 
7nea7i  length  of  a  single  winding  on  the  bobbin  the  number 
of  windings  can  be  approximated  to.  By  counting 
the  number  of  turns  in  each  layer,  and  judging  from  the 
resistance  the  number  of  layers,  the  exact  number  of 
turns  may  be  arrived  at  in  a  regularly- wound  bobbin. 

Magnetic  Density. — The  question  as  to  the  most  advan- 
tageous magnetic  density  to  use  in  the  magnetic  circuit, 
i.e.,  at  what  part  of  the  magnetisation  curve  the  machine 
should  normally  work,  is  one  involving  many  considera- 
tions. Here,  only  a  few  main  principles  can  be  referred 
to. 

If  at  the  normal  voltage  the  exciting  current  is  such 
that  the  dynamo  works  upon  the  steep  straight  portion 
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of  the  curve,  any  alteration  in  the  excitation  will  produce 
a  variation  in  the  voltage  of  the  machine  which  will  be 
practically  proportional  to  the  alteration  in  exciting 
current.  In  some  machines  this  is  required.  For 
instance,  series-excited  boosters,  which  are  discussed 
later  on,  are  required  to  give  an  increase  of  voltage 
proportional  to  the  current  in  the  field  windings,  since  the 
loss  of  voltage  in  the  feeders  which  they  have  to  com- 
pensate for  is  also  proportional  to  the  same  current. 

If,  on  the  contrary,  it  is  important  that  slight  varia- 
tions in  exciting  current  shall  produce  as  small  a  fluctua- 
tion in  the  voltage  as  possible,  the  field  should  be  designed 
so  that  the  machine  works  on  the  flatter  portion  of  the 
curve  above  the  bend.  The  change  in  flux  of  lines  is 
then  only  slight  for  a  small  variation  in  exciting  current. 

The  most  economical  design  is  that  in  which  the  part 
of  the  curve  just  above  the  bend  is  worked  to.  At  this 
point  the  permeability  of  the  iron  is  still  high,  so  that 
the  magneto-motive  force  produces  a  proportionately 
great  flux  of  lines,  while,  on  the  other  hand,  the  section  of 
iron  in  the  circuit  is  not  greater  than  necessary  to  provide 
for  the  required  number  of  lines  without  materially 
diminishing  the  permeability. 

At  this  point  the  advantage  of  being  on  the  less 
steep  part  of  the  curve  is  felt,  while  the  magnets  have 
not  become  fully  saturated. 

In  some  cases,  as  will  be  more  fully  explained  later,  it 
is  an  advantage  to  have  the  pole  tips  highly  saturated,  so 
that  a  slight  variation  in  the  magneto-motive  force  acting 
upon  them  may  not  sensibly  alter  the  flux  through  them. 
This  would,  however,  aft'ect  the  magnetisation  curve  of 
the  machine  very  slightly. 

Power  Spent  in  Excitation. — The  power  spent  in  excita- 
tion is  generally  between  1  and  2  per  cent,  of  the  maximum 
output  of  the  dynamo  for  fairly  large  machines.  In  small 
machines  the  proportion  is  sometimes  rather  more  than 
this. 

Increasing  the  Voltage  of  a  Dynamo. — The  ciu-ve  of  Fig. 
14  may  be  used  to  give  directly  the  additional  ampere- 
turns  required  in  order  to  correct  a  dynamo  giving  too 
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low  a  voltage.  Thus  suppose  the  machine  is  found  to 
give  120  volts  with  normal  excitation,  whereas  130  volts 
are  required.  From  the  curve  it  is  seen  that  the  excita- 
tion at  120  volts  is  1-07  amperes,  and  at  130  volts  it  is 
1-25  amperes.  The  required  increase  is  consequently 
seen  to  be  (1-25 — 1-07)  2,800  ---  504  ampere-turns,  in 
the  case  assumed. 

In  a  shunt-wound  dynamo,  or  a  dynamo  excited  from 
a  constant  source  of  voltage,  the  addition  of  windings  of 
the  same-sized  wire  as  that  already  on  the  magnets  will 
not  affect  the  voltage,  since  the  additional  windings 
increase  the  resistance  of  the  coil  in  the  same  proportion 
as  the  number  of  turns  is  increased.*  The  current  is 
consequently  reduced  as  the  turns  increase,  and  ampere- 
turns  remain  the  same  as  before.  Consequently,  if  turns 
are  added,  they  must  be  of  larger  icire  than  the  existing 
winding. 

In  any  case  it  must  be  remembered  that  the  addition 
of  turns  in  series  with  the  original  windings  reduces  the 
current  in  the  whole  coil,  owing  to  the  added  resistance 
through  which  the  current  flows.  In  most  cases  it  will, 
therefore,  be  advisable  to  unwind  a  certain  number  of 
layers  and  to  rewind  the  magnet  with  more  turns  of 
thicker  w^ire  giving  the  same  total  resistance,  and 
consequently  the  same  exciting  current  as  before. 

Fig.  14  only  gives  the  ratio  between  voltage  and 
ampere-turns  at  no-load.  The  full-load  magnetisation 
curve  determined  in  Experiment  VIII.  must  be  used 
to  find  the  number  of  ampere-turns  necessary  to  increase 
the  voltage  of  a  dynamo  by  a  given  amount  when  under 
load. 


*This  will  in  most  cases  not  be  accurately  true,  since,  when  the  windings 
are  added  outside  the  existing  layers,  they  are  of  greater  length,  and  conse- 
quently of  greater  average  resistance.  The  ampere-turns  are  thus  actually 
decreased  by  the  added  windings. 


CHAPTER  V. 

Armature  Reactions. 

In  all  the  experiments  and  calculations  previously 
described,  the  dynamo  has  been  considered  as  not  giving 
current.  The  strength  of  the  magnetic  field  and  the 
voltage  of  the  armature  were  considered  under  the  simplest 
possible  conditions,  in  order  that  a  clear  idea  might  be 
formed  of  their  relation  to  each  other. 

When  the  armature  of  the  dynamo  has  a  current 
flowing  in  it,  another  factor  is  introduced,  affecting  both 
the  strength  of  field  and  voltage  of  the  machine. 

In  order  to  study  these  effects  of  the  armature  current , 
experiments  must  be  made  under  such  conditions  that 
they  can  be  separated  from  effects  due  to  other  Causes. 

The  relations  existing  between  voltage  and  exciting 
current  of  a  d3rnamo  when  not  giving  current  have  been 
determined.  By  making  measurements  similar  to  those 
already  described,  and  with  only  the  additional  condition 
of  a  current  in  the  armature,  the  effect  produced  by  this 
current  can  be  seen. 

In  all  cases,  the  current  in  the  armature  will  be  found 
to  produce  a  fall  of  voltage.  In  order  to  point  out  the 
significance  of  the  experiments  to  be  described,  it  will  be 
necessary  first  to  explain  briefly  the  twofold  action  of 
the  armature  current  in  producing  a  fall  in  voltage. 
The  first  cause  is  electrical,  the  second  magnetic. 

Armature  Ohmic  Drop. — Owing  to  the  resistance  of  the 
armature  conductors,  brushes,  and  surface  contacts  on 
the  commutator,  a- certain  amount  of  power,  depending 
on  the  current,  will  be  wasted  in  heating  the  parts  where 
these  resistances  occur,  and  a  certain  amount  of  voltage 
will  be  lost  in  overcoming  these  resistances. 

The  drop  in  voltage  caused  by  these  resistances  may 
be  called  the  ohmic  drop.  It  will  be  numerically  equal 
to   the  product   of   the   current,   measured   in   amperes, 
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multiplied  by  the  resistance,  measured  in  ohms,  through 
which  the  current  flows — that  is 

Loss  of  voltage  =  (resistance  between  djmamo 
terminals)   >:  (armature  current). 

This  "  armature  drop,"  occurring  in  a  dynamo  at 
various  loads,  may  be  shown  graphically  by  a  straight 
line  drawn  on  squared  paper,  the  horizontal  scale  of  which 
represents  the  load  in  amperes,  the  vertical  scale 
representing  volts  di'op.  It  is  thus  represented  by  the 
straight  line  A  C  in  Fig.  16. 
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Amperes. 
Fig.   16.— Characteristic   of   Separately-excited   Dynamo. 

In  order  to  draw  this  line,  calculate  the  drop  for 
one  value  of  the  current,  as  just  described.  On  the 
ordinate  corresponding  to  this  current,  measure  down- 
wards from  the  horizontal  line  A  B,  drawn  to  indicate  the 
voltage  at  no  load,  a  length  to  represent  the  volts  thus 
calculated.  Draw  a  straight  line  through  A  and  the 
point  just  found. 
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The  machine  to  which  Fig.  16  apphes  has  an  armature 
resistance  of  18  ohm  when  hot.  When  giving  its  full 
load  current  of  20  amperes  the  armature  drop  is  therefore 
20  X  -18  volts  =  3-6  volts.  The  line  A  C  has  conse- 
quently been  drawn  through  the  point  c,  situated  in  the 
ordinate  corresponding  to  20  amperes,  and  36  volts 
below  the  maximum  voltage  of  120-5,  the  length  h  c 
corresponding  to  3* 6  volts.  The  line  A  C  will  then  give 
the  armature  drop  corresponding  to  any  current.  The 
drop  in  volts  is  represented  by  the  vertical  distance 
between  the  lines  A  B,  A  C  on  the  ordinate  corresponding 
to  the  current  for  which  the  drop  is  required. 

In  determining  the  resistance  of  the  armature  to 
correspond  with  working  conditions,  it  should  be 
measured  while  still  hot  from  a  run,  or  if  measured  when 
cold,  a  correction  should  be  made  to  allow  for  heating 
when  running.  The  resistance  of  a  copper  conductor 
increases  by  0238  per  cent,  for  each  degree  Fah.  rise 


Fig.  ]".— Diagram  of  Armature  Currents  in  a  Dynamo. 
(Brushes  Without  Lead). 

in""-  temperature.  The  resistance  of  an  armature  when 
heated  to  a  temperature  of  70°  Fah.  above  the  temperature 
of  the  atmosphere,  which  is  the  usual  maximum  rise  in 
temperature  allowed,  will  be  16-7  per  cent,  greater  than 
its  resistance  measured  when  cold. 

Magnetic  Reactions. — One    effect    of    currents  flowing  in 
the  conductors  wound  upon  the  iron  core  of  the  armature 
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will  be  to  magnetise  the  core.  The  armature  itself  will 
therefore  produce  a  magnetic  field  which  will  influence  the 
magnetic  field  due  to  the  field  magnets. 

Let  Fig.  17  represent  the  armature  rotating  in  the 
magnetic  field  in  a  direction  shown  by  the  arrow.  The 
magnetic  lines  of  the  main  field  in  this  instance  are 
horizontal,  and  a,re  directed  from  the  N.  pole  to  the  S. 
pole  of  the  dynamo — i.e.,  from  left  to  right  in  the  figure. 

First,  suppose  that  the  brushes  are  situated  sym- 
metrically between  the  poles,  as  shown.*  Then  the 
current  in  all  conductors  to  the  left  of  a  vertical 
diameter  will  be  flowing  in  a  direction  away  from  the 
reader,  while  the  current  in  the  conductors  on  the  right 
of  the  armature  will  flow  towards  him.  The  magnetic 
action  of  the  armature  as  a  whole  will  not  be  affected  by 
the  current  in  the  end  connections,  and  consequently  the 
manner  of  joining  together  the  ends  of  the  conductors 
need  not  be  considered.  From  a  magnetic  point  of  view 
the  armature  conductors  will  be  equivalent  to  a  conduct- 
ing shell  of  the  same  general  shape  as  the  surface  of  the 
armature,  carrying  currents  in  a  direction  parallel  to  the 
armature  shaft.  The  armature  currents  may  then  be 
replaced  by  a  horizontally  flowing  current  uniformly 
distributed  over  this  shell.  This  equivalent  shell  is 
indicated  in  Fig.  17.  The  portion  shown  in  black  is  that 
in  which  the  current  flows  away  from  the  reader,  while 
in  the  portion  indicated  by  fine  dots  the  currents  flow 
towards  him. 

The  effect  of  the  horizontal  band  of  current  thus 
formed  will  be  to  produce  magnetic  lines  of  force  travers- 
ing the  armature  core  in  a  vertical  direction — i.e.,  down- 
wards in  Fig.  17 — producing  a  north  pole  at  the  bottom 
of  the  armature,  and  a  south  pole  at  the  top.  Hence,  the 
general  effect  of  the  current  in  the  armature  conductors 
is  to  produce  a  magnetic  field  at  right  angles  to  the  field 
due  to  the  electro-magnets.  The  strength  of  this  field 
will  be  proportional  to  the  magnetising  force— ^.e.,   to 

*For  simplicity  in  the  following  discussion,  it  is  assumed  that  the  armature 
conductors  are  connected  to  the  commutator  segments  immediately  under  them. 
With  the  usually  adopted  winding,  corresponding  conductors  and  segments  would 
be  at  right  angles  to  each  other.  The  actual  position  of  the  brushes  would  then 
be  at  right  angles  to  that  shown  in  the  diagrams. 
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the  ampere-turns  producing  it — and  inversely  proportional 
to  the  reluctance,  or  magnetic  resistance,  of  the  path 
along  which  the  lines  flow.  The  general  form  of  the  mean 
path  followed  by  this  cross  flux  is  indicated  in  the  figure 
by  a  dotted  line.  From  this  it  will  be  seen  that  the 
lines  cross  the  air  gap  surrounding  the  armature  core 
twice.  The  reluctance  of  the  path  followed  by  the  lines, 
and  consequently  the  number  of  lines,  will  depend  largely 
on  the  width  of  the  air  gap.  The  length  and  shape  of 
the  pole  tips  will  also  greatly  influence  the  path 
reluctance. 

The  field  due  to  the  armature  current  is  stationary, 
although  the  conductors  rotate.  The  conductors  will 
therefore  cut  the  lines  of  force  twice  on  each  side  of  the 
armature — namely,  as  the  lines  enter  and  leave  the  core. 
Consequently  the  sum  of  the  electromotive  forces  induced 
in  the  conductors  by  the  cross-field  will  be  zero.  Also, 
with  the  brushes  in  the  middle  position,  as  in  the  case 
under  consideration,  the  armature  cross  field  will  have  no 
direct  effect  in  strengthening  or  weakening  the  main  field, 
since  it  is  at  right  angles  to  it.  The  effect  of  cross 
magnetisation  due  to  the  armature  currents  upon  the 
dynamo  voltage  should,  therefore,  be  nil,  apart  from 
secondary  considerations  to  be  presently  alluded  to.  The 
two  magnetic  fields  perpendicular  to  each  other  may  be 
considered  as  combined  to  form  a  single  resultant  field  in 
an  oblique  direction.  The  angle  of  inclination  of  the 
resultant  field  would  be  given  by  applying  the  law  of  the 
parallelogram  of.  forces.  The  stronger  the  cross  field 
relative  to  the  main  field,  the  greater  will  be  the  angle  of 
inclination  of  the  resultant  field  with  the  direction  of  the 
main  field.  The  effect  of  this  distortion  of  the  magnetic 
field  is  to  strengthen  the  field  in  the  neighbourhood 
of  the  leading  pole  tips  a,  d,  and  to  weaken  it  near  the 
trailing  pole  tips  b,  c.  The  "  leading  "  pole  tip  is  the 
most  advanced  point  of  the  magnet  pole  in  the  direction 
of  rotation,  and  is  consequently  the  point  at  which  the 
conductors  leave  the  polar  field,  while  they  enter  at 
the  "  trailing  "  tip.* 

*  Unfortunately,  some  ambiguity  exists  with  regard  to  tlie  terms  "  leading"  and 
"  trailing"  pole  tips,  the  terras  being  applied  by  some  writers  in  the  opposite  sense  to 
that  here  employed.  Dr.  S.  P.  Thompson  and  others  have  adopted  the  definition 
that  the  "leading"  pole  tip  is  the  more  advanced  tip  in  the  direction  of  rotation, 
which  agrees  with  the  explanation  given  above. 
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Lead  of  Brushes. — On  account  of  the  change  in  the 
direction  of  the  resultant  field,  the  "  neutral  point  " — i.e., 
the  point  at  which  conductors  on  the  armature  move 
parallel  to,  and  consequently  do  not  cut  lines  of  force — 
will  be  moved  from  the  central  position  through  an  angle 
equal  to  the  angle  which  the  resultant  magnetic  field 
makes  with  the  original  direction  of  the  undistorted  field. 
For  reasons  to  be  explained  later,  the  position  of  the 
brushes  giving  sparkless  commutation  is  always  slightly 
in  advance  of  the  neutral  point  when  current  flows  in 
the  armature. 

The  brushes  are  shown  moved  forward  in  Fig.  18  into 
the  position  for  sparkless  running. 


Fig.  18. 


-Diagram  of  Armature  Currents  in  a  Dynamo 
(Brushes  with  Lead). 


Since  in  the  armature  the  currents  in  the  conductors 
are  always  so  directed  as  to  flow  from  one  brush  to  the 
other,  an  alteration  in  the  position  of  the  brushes  will 
alter  the  current  distribution  in  the  armature. 

The  axis  dividing  the  conductors  carrying  oppositely 
directed  currents  wiU  be  moved  round  with  the  brushes  in 
the  direction  of  rotation  of  the  armature.  Thus  with 
the  brushes  will  also  move  the  axis  of  the  cross  magne- 
tising field,  which  will  cease  to  be  perjDcndicular  to  that 
of  the  main  field.  The  axis  of  the  magnetic  field  due  to 
the  armature  currents  will  always  be  the  line  joining  the 
brushes. 
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Resolving  the  armature  reaction  field  into  its 
horizontal  and  vertical  components,  the  horizontal 
component* 

F^  =  F  sin  0 
the  vertical  component 

F^  =F  cos  Q 

where  F  =  total  flux  of  lines  due  to  the  armature  current, 
and  6  =  angle  between  the  axis  of  the  brushes  and  the 
vertical  axis  of  the  armature. 

The  field  consisting  of  F  sin  d  lines  of  force  will  there- 
fore act  in  a  direction  parallel  to  the  main  field  due  to  the 
electro-magnets.  The  polarity  of  the  lines  will  be 
opposite  to  those  of  the  main  field  ;  the  main  field  will 
consequently  be  weakened  by  this  number  of  lines.  One 
effect  of  lead  in  the  brushes  is  consequently  a  decrease 
in  the  number  of  lines  cut  by  the  conductors,  and  a 
corresponding  fall  in  voltage.  In  order  to  maintain  the 
field  strength  the  same  as  at  no  load,  more  ampere-turns 
must  be  added  to  the  electro-magnets  so  as  to  counteract 
the  effect  of  this  part  of  the  armature  field. 

This  portion  of  the  armature  field  is  known  as  the 
deynagnetising  field,  due  to  the  armature  current. 

The  field  consisting  of  F  cos  6  lines  will  act  perpen- 
dicularly to  the  main  field,  and  will  distort  but  not 
weaken  it,  as  already  described.  This  portion  is  known 
as  the  distorting  field  of  the  armature. 

It  has  also  indirectly  a  slight  effect  in  decreasing  the 
strength  of  field,  since  it  increases  the  density  of  lines  at 
the  leading  pole  tips,  thereby  decreasing  the  permeability 
of  the  iron  through  which  these  lines  pass. 

Having  discussed  the  armature  reactions  from  a 
general  point  of  view,  it  is  now  necessary  to  enter  rather 
more  into  detail. 

Sparklcss  Commutation. — In  order  to  prevent  sparking 
at  the  commutator  as  the  brushes  pass  from  segment  to 
segment,  it  is  necessary  to  move  the  brushes  round 
slightly  in  the  direction  of  the  armature  rotation.  The 
conductors  connected  to  the  segments  which  are  momen- 

■"Tlie  horizontal  and  vertical  components  may  be  obtained  graphically  as  the 
horizontal  and  vertical  sides  of  a  rectangle  of  which  the  diagonal  represents 
the  strength  of  the  field. 
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tarily  short-circuited  by  the  brushes  are  thus  short- 
circuited  while  cutting  lines  issuing  from  the  trailing  pole 
tip  of  the  next  magnet,  and  sufficient  reverse  E.M.F. 
is  thereby  induced  in  them  to  stop  the  tendency  to  spark. 
The  brushes  are  not,  therefore,  situated  on  the  "  neutral  " 
axis,  and  a  certain  amount  of  voltage  is  lost  in 
consequence. 

The  axis  of  the  brushes  therefore  approaches  the 
line  b  c,  joining  the  pole  tips  as  indicated  in  Fig.  18. 
Usually  the  brushes  will  not  be  moved  quite  so  far 
forward,  unless  the  field  is  unduly  weakened,  since  the 
lines  forming  the  magnetic  ''  fringe  "  projecting  some 
little  way  from  the  pole  tip  should  be  sufficient  to  furnish 
the  "  reversal  field." 

Re '"erring  to  Fig.  18,  the  conductors  between  a  and  b 
and  c  and  d  may  be  considered  as  uniting  to  form  a 
horizontal  demagnetising  field.  The  conductors  between 
a  and  c  and  d  and  b  will  form  a  vertical  distorting  field. 

The  demagnetising  field  will  be  produced  by  the 
ampere-turns  obtained  by  multiplying  the  number  of 
conductors  situated  between  a  and  6  or  c  and  d  by  the 
current  flowing  in  them. 

Let    C  =  current  given  out  by  the  dynamo. 

C 
then    r-  =  current  in  each  conductor.* 

let      /  =  distance  between  pole  tips. 

d  =  diameter  of  cylindrical  space    between  pole 

faces. 

N  =  total  number  of  armature  conductors. 

N.f 
Then  number  of  conductors  between  a  and  b  = — j- 

ird 

: .  Demagnetising  ampere-turns  =         , 

if  the  axis  of  commutation  is  taken  to  be  under  the  pole 
tips. 

Thus  the  magnetising  force  producing  the  main  field 
will  be  weakened  by  this  number  of  ampere-turns.      The 

*In    a    multipolar    of    the    usual    type    the    current    in    each    conductor    is  - — 

i.p 

where  p  —  number  of  pairs  of  poles. 

In  a  series  connected  armature  it  is—     ,  whatever  be  the  number  of  poles. 
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resultant  field  in  which  the  armature  rotates  is 
consequently  produced  by  the  ampere-turns  on  the 
magnets  minus  the  demagnetising  ampere-turns  of  the 
armature. 

Whenever  the  armature  carries  current,  the  field 
strength  and  voltage  will  be  affected  approximately  to 
the  extent  given  by  the  above  formula. 

The  importance  of  the  cross-magnetising  field  due  to 
the  current  in  the  conductors  between  a  and  c,  and  h  and 
d  is  that  the  distortion  of  the  main  field  produced  tends 
to  weaken  the  field  at  the  trailing  pole  tips  where 
commutation  occurs.  If  the  field  is  weakened  too 
much,  sparkless  commutation  becomes  impossible.  For 
this  reason,  the  ampere-turns  producing  the  cross 
field  must  always  be  less  than  those  forming  the  main 
field. 

Characteristic  of  a  Separatcly-cxcitcd  Dynamo. — The  fol- 
lowing experiment  has  for  its  object  the  determination 
of  the  loss  of  voltage  produced  by  the  ohmic  drop  and 
magnetic  reaction  produced  in  the  armature  by  the  current 
discussed  above. 

The  magnets  are  excited  by  a  constant  current  derived 
from  a  separate  source.  The  machine  is  driven  at  a 
constant  speed.  The  only  factor  which  is  varied  is  the 
armature  current.  The  experiment  consists  in  measuring 
the  effect  of  this  variation  upon  the  voltage  at  the 
terminals  of  the  dynamo. 

Experiment    VI. — Determination   of    the    Characteris- 
tic OF  A  Separately  Excited  Dynamo,  or  Relation 
between    Voltage    and    Current    of    a 
Separately  Excited  Dynamo. 

Connections. — Join  the  field  of  the  dynamo  to  a  source 
of  current  through  a  regulating  resistance,  ammeter,  and 
switch.  Connect  the  dynamo  terminals  to  a  variable 
resistance  suitable  for  giving  a  variation  of  current  up  to 
its  value  at  full  load.  In  this  circuit  also  include  an 
ammeter  and  a  switch,  Connect  the  dynamo  terminals 
also  to  a  voltmeter. 
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Diagram    of    Connections. 


Ml  M.,  Supply  mains. 
D      Dynamo  armatm-e. 
F      Dynamo  field  windings. 
Rj     Adjustable  resistance  for  varying  the  load. 
Ro     Adjustable    resistance    for    regulating    exciting 

current. 
Aj      Ammeter  for  measuring  load  current. 
A,      Ammeter  for  measuring  exciting  current. 
V      Voltmeter  for  measuring  dynamo  voltage 
Si      Switch  for  breaking  load  circuit. 
So      Switch  for  breaking  field  circuit. 

Instructions. — Throughout  the  experiment  keep  the 
exciting  current,  as  read  on  ammeter  A.^,  constant  by 
altering  R.^  when  necessary.  Before  closing  the  switch 
Si  in  the  main  circuit,  read  the  volts  of  the  dynamo  on 
V.  Then  close  Si,  and  give  the  resistance  Ri  first  its 
maximum  value.  Afterwards,  by  successive  steps, 
decrease  the  resistance  of  R,  until  the  dynamo  gives 
its  maximum  current.  For  each  value  of  Ri  read  the 
dynamo  current  on  Ai  and  the  volts  on  V.  After  each 
change  in  the  current,  notice  whether  the  brushes  show 
any  sign  of  sparking.  If  so,  move  them  round  into  the 
position  where  the  sparking  is  least. 

Keep  the  speed  as  constant  as  possible.  Take  speeds 
with  the  speed  counter,  if  it  is  not  possible  to  ensure  a 
constant  speed.  Small  variations  in  speed  must  be 
corrected  for  as  described  below  the  table.  While 
the  armature  is  still  hot  from  the  experiment,  measure 
its    resistance.      This    may    be    done    by    either    of    the 


70 


ARMATURE    REACTIONS. 


methods  described  in  Chapter  II.  In  the  case  of  small 
machines  it  is  usually  most  convenient  to  find  the  resist- 
ance by  passing  through  it  a  measured  current  from  an 
external  source,  and  measuring  the  voltage  at  the  same 
time  across  the  terminals,  as  described  in  Experiment  I. 
The  total  resistance  between  the  terminals  (including 
the  resistance  of  the  brushes,  &c.)  is  then  the  quotient 
of  the  voltage  divided  by  the  measured  current.  This 
is  the  resistance  required. 

Results  of  the   test  should  be  entered  as  shown    in 
the  table  given  below. 

DETERMINATION    OF    THE     CHARACTERISTIC    OF    A 
SEPARATELY    EXCITED   DYNAMO. 

Observer Date 

Dynamo  No Type 

Normal  output volts amps.,  at  revs,  per  min. 

Exciting  current amjieres. 

Resistance  between  dynamo  terminals  (hot) olims. 


Load  Current. 

Revolutions 

per 

Minute 

=  n' 

Dynamo  Voltage. 

Ammeter  '. 
Constant 

VTo 

Voltmetei 
Constant 

No 

Reading. 

True 
Value. 

Reading. 

True 
Value 
=  V 

Voltage* 
correspond- 
ing to 

Normal 
Speed  =  V. 

( 

*  If  the  speed  is  not  kept  absolutely  constant  a  correction  must  be  made  in 
the  voltage  observed. 

Let  n     =  revolutions  per  minute  of  armature  at  normal  speed, 
n'   =  revolutions  per  minute  of  armature  at  observed  speed., 

V  =  voltage  at  observed  speed   (entered  in  5th  column). 

V  =  voltage  which  would  have  been  obtained  at  normal  speed  (entered  in 

last  column). 

Then  V=-ii-V'. 


The  results  of  Experiment  VI.  should  be  shown 
graphically  on  a  curve,  current  being  measured  horizon- 
tally and  voltage  vertically,  as  shown  in  Eig.  16,  page  61, 
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which  represents  a  curve  obtained  from  a  2-pole  Crompton 
dynamo. 

By  drawing  a  horizontal  line  A  B  through  the  point 
of  the  curve  corresponding  to  no-load  voltage,  the  drop 
of  voltage  for  any  current  may  be  measured  downwards 
from  this  horizontal  line. 

In  order  to  separate  the  drop  in  volts  due  to  the 
resistance  of  the  conductors  from  the  drop  due  to  the 
magnetic  reaction  of  the  armature  current,  it  is  necessary 
to  draw  the  line  A  C  as  described  on  pages  61  and  62. 

In  the  case  of  the  dynamo  for  which  Fig.  16  was 
drawn  the  resistance  between  the  terminals  after  a  run 
was  found  to  be  '18  ohm.  Accordingly,  with  20  amperes 
the  drop  due  to  the  resistance  of  the  conductors  was  3-6 
volts,  as  indicated  by  the  length  of  b  c,  measured  dowTi- 
wards  on  the  ordinate  corresponding  to  20  amperes. 

Any  ordinate  now  drawn  from  the  horizontal  line 
A  B  to  the  curve  will  be  divided  into  two  parts  where  it 
is  cut  by  the  line  A  C.  The  length  of  the  upper  portion 
gives  the  electrical  or  ohmic  drop,  the  length  of  the  lower 
part  represents  the  drop  due  to  magnetic  reactions  alone. 

It  should  be  noted  that  the  ohmic  drop  represents  a 
direct  loss  of  power.  The  power  lost,  measured  in  watts, 
is  the  product  of  the  current  and  drop  of  voltage.  At 
full  load  of  20  amperes  this  quantity  is  represented  on  the 
diagram  by  twice  the  triangular  area  A  b  c,  since  this 
area  is  equal  to  ^  A  b  x  b  c,  and  A  b,  b  c  represent  the 
current  and  drop  of  voltage  respectively.  The  power 
is  spent  in  heating  the  armature  conductors,  com- 
mutator, &c. 

The  magnetic  reactions  do  not  directly  involve  any 
loss  of  power.  They  necessitate,  however,  a  larger 
exciting  current  on  the  electro-magnets,  with  a  corre- 
sponding increase  in  power  necessary  for  excitation. 
Since  they  affect  unfavourably  the  constancy  of  the 
voltage,  they  are  undesirable.  The  magnetic  reactions 
must  always  be  kept  low  if  the  d3mamo  is  to  run  without 
sparking. 

Referring  to  the  curve  given  on  Fig.  16,  it  will  be 
noticed  that  at  first  the  fall  of  voltage  is  almost  entirely 
due  to  drop  in  the  armature  conductors,  since  the  curve 
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and  the  line  A  C,  showing  the  ohmic  drop,  are  nearly 
coincident.  At  a  load  of  8  amperes  the  curve  takes  a 
decided  bend  downwards,  ceasing  to  follow  the  line 
A  C.  The  explanation  of  this  sudden  bend  is  that  the 
brushes  had  remained  nearly  in  the  neutral  position  up 
to  this  point.  With  a  load  of  8  amperes  it  became 
necessary  to  move  them  round,  thus  increasing  the 
demagnetising  field  as  explained  above.  From  this 
point  the  brushes  were  moved  a  little  each  time  the  load 
was  increased  in  order  to  prevent  sparking.  Hence 
the  weakening  effect  of  the  armature  field  increased 
rapidly  with  the  increasing  load. 

On  account  of  the  effect  of  moving  the  brushes  upon 
the  voltage  of  the  machine,  care  must  be  taken  in  all 
tests  to  regulate  the  position  of  the  brushes  gradually  as 
it  becomes  necessary,  and  not  in  large  steps  at  irregular 
intervals,  which  might  produce  irregular  variations  in 
the  voltage  of  the  machine. 

In  many  modern  machines  it  is  possible  to  work  at 
all  loads  with  the  brushes  fixed  in  one  position. 

The  weakening  of  the  field  by  the  armature  current 
can  be  calculated  from  the  loss  of  voltage  produced  by 
it,  as  indicated  on  the  curve. 

Thus  in  Fig.  16,  at  the  full  load  of  20  amperes,  the 
length  c  d  corresponding  to  the  reactive  drop  is  12-5 
volts,  or  10-4  per  cent,  of  the  ordinate  corresponding  to 
the  full  voltage  of  120' 5  volts.  We  can  say,  therefore, 
that  the  field  has  been  actually  weakened  to  the  extent 
of  10' 4  per  cent. 

For  practical  purposes  it  would  be  more  useful  to 
determine  the  additional  strength  of  field  which  would 
be  necessary  to  maintain  the  voltage  of  the  dynamo 
constant,  or  to  prevent  its  falling  below  a  certain  value. 

This  can  be  done  by  noting  what  proportion  the  drop 
for  the  assigned  current  bears  to  the  total  voltage  of  the 
dynamo.  The  field  strength  would  have  to  be  increased 
in  this  proportion  if  it  is  desired  to  keep  the  voltage  at 
the  initial  value.  But  this  does  not  represent  a  pro- 
portional increase  in  excitation. 

In  order  to  ascertain  the  increase  in  magnetising 
force,    or    ampere-turns,    necessary    to    produce  a  given 
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increase  in  the  magnetic  field,  or  a  given  increase  in 
voltage,  reference  must  be  made  to  the  magnetisation 
curve  already  obtained.     (See  Fig.  14,  page  48.) 

From  this  curve  can  be  seen  the  number  of  additional 
ampere-turns  necessary  to  increase  the  voltage  by  any 
required  amount.  Suppose,  for  instance,  the  number  of 
ampere-turns  ah-eady  on  the  machine  to  be  3,000.  If 
it  is  required  to  increase  the  voltage  by  15  volts  to  make 
up  for  armature  reaction  at  full  load,  the  extra  number 
required  will  be  found  from  the  curve  on  Fig.  14  by 
noticing  the  additional  excitation  required  above  that 
already  applied  to  produce  the  no-load  voltage  of  12©- 5. 

On  the  curve  120-5  volts  corresponds  to  an  excitation 
of  r07  amperes.  The  number  of  turns  is  2,800.  An 
increase  of  15  volts,  that  is,  a  total  of  135' 5  volts,  corre- 
sponds to  r4  amperes,  consequently  the  increased 
excitation  required  is  33  amperes  or  33  /  2,800  =924 
ampere-turns. 

Another  experiment  by  which  similar  results  may  be 
obtained  is  the  next  one  to  be  described.  In  this  case 
the  voltage  is  maintained  constant  by  alteration  of  the 
exciting  current,  while  the  armature  current  is  varied. 

Experiment  VII — Variation  in  Exciting  Current  of  a 
Separately   Excited    Dynamo   to   Maintain 
Constant  Voltage. 

Diagram  of  Connections. — As  for  Experiment  VI., 
page  69. 

Connections.— As  for  Experiment  VI.,  page  68. 

Instructions. — The  voltage  as  read  on  voltmeter  V  is  to 
I)e  kept  constant  throughout  the  experiment  by  varying 
the  resistance  R,  in  the  exciting  circuit. 

Before  closing  the  main  switch  Si,  read  the  voltage 
on  V.  Close  Si  and  adjust  the  voltage  to  the  previous 
value.  By  successive  steps  increase  the  current  by 
decreasing  Rj  imtil  the  dynamo  gives  its  maximum 
current,  the  voltage  being  kept  constant. 

For  each  value  of  the  current,  read  the  current  in  the 
exciting  circuit  on  A.2  and  the  main  current  on  Ai. 
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Move  the  brushes,  as  required,  to  avoid  sparking. 
Maintain  the  speed  constant  throughout. 
Enter  results  as  in  the  following  table  : — 

DETERMINATION  OF  V^ARIATION  IN  EXCITING  CURRENT 
OF  A  DYNAMO  REQUIRED  TO  MAINTAIN  CONSTANT 
VOLTAGE. 

Observer Date 

Dynamo  No Type... 

Normal  output amps 

Normal  speed revs,  per  minute. 

Voltage  maintained  at  terminals 


.volts. 


Armature  Current. 
Amperes. 


Ammeter  No Ammeter  No. 

Constant Constant    


Exciting  Current. 
Ampferes. 


Reading. 


True  Value. 


Reading. 


True  Value. 


The  results  should  be  plotted  to  form  a  curve  as  in 
Fig.  20,  page  75,  the  load  current  being  measured 
horizontally,  and  the  exciting  current  vertically. 

If  it  is  not  possible  to  keep  the  speed  exactly  constant, 
a  correction  should  be  made  by  the  aid  of  the  magnetisa- 
tion curve  of  the  machine.  Thus,  if  the  speed  falls,  the 
excitation  supplied  to  maintain  the  voltage  constant  will 
be  greater  than  would  have  been  necessary  at  normal 
speed.  If  the  speed  is  found  to  have  fallen  x  per  cent., 
the  field  strength  must  have  been  increased  by  x  per  cent, 
above  the  value  it  would  have  had  at  normal  speed. 
This  does  not  mean  an  increase  of  x  per  cent,  of  exciting 
current,  but  a  rather  greater  increase,  which  can  only  be 
exactly  determined  by  reference  to  the  magnetisation 
curve. 

For  small  variations  of  speed,  it  will  be  sufficiently 
accurate  to  assume  that  the  correction  to  be  applied  to 
the  exciting  current  is  proportional  to  the  variation  in 
speed. 
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Knowing  the  number  of  turns  round  the  magnets, 
the  vertical  scale  may  be  plotted  in  terms  of  either 
amperes  or  ampere-turns. 
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Amperes  Load  Current. 
Fig.  20. — Variation  in  Exciting  Current  to  Maintain  Constant  Voltage. 
Voltage  100.    Speed  1,400  revs,  per  minute.    Number  of  magnet  windings,  2,826. 

In  this  curve  the  initial  portion  is  straight,  showing 
that  the  fall  of  voltage  to  be  counteracted  increases 
regularly  with  the  load  at  first,  and  that  the  field  magnets 
are  not  saturated,  so  that  the  field  is  strengthened  in  the 
same  ratio  as  the  exciting  current.  Later,  the  curve 
bends  upwards,  owing  to  the  magnets  becoming  saturated, 
and  their  permeability  becoming  less,  and  also  owing  to 
the  decrease  in  armature  voltage  becoming  more  rapid 
as  the  load  gets  heavier.  This,  as  already  explained,  is 
largely  due  to  the  increased  lead  of  the  brushes,  and 
consequent  weakening  of  the  field. 

The  results  obtained  according  to  the  method  of  either 
of  the  last  two  experiments  are  of  use  in  determining  the 
number  of  series  windings  required  for  a  compound-wound 
dynamo  required  to  maintain  a  constant  voltage. 

In  a  comjjound  dynamo  the  magnet  windings  consist 
chiefly  of  shunt  windings  supplied  with  current  from  a 
source  of  nearly  constant  electromotive  force.  In 
addition  to  these  windings  are  added  a  smaller  number 
of  turns   through   which   the   armature   current  flows — 
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these  are  the  series  windings.  The  shunt  windings 
supply  a  practically  constant  number  of  ampere-turns  : 
the  ampere-turns  of  the  series  windings  increase  in  direct 
proportion  with  the  armature  current.  This  is  more 
fully  explained  later  in  connection  with  the  characteristic 
curve  of  a  compound  dynamo. 

Magnetisation  Curve  of  a  Dynamo  Under  Load. — The  magne- 
tisation curve  determined  in  Experiment  V.  (page  45) 
will  only  give  the  relation  between  voltage  and  magneti- 
sing current  when  the  armature  is  not  supplying  current. 

Since  a  machine  is  usually  specified  to  give  a  certain 
voltage  at  full  load,  it  is  often  necessary  to  determine  the 
relation  between  its  voltage  and  ampere-turns  while 
giving  its  maximum  working  current.  The  next  experi- 
ment is  the  determination  of  the  magnetisation  curve  of 
the  d3mamo  while  the  armature  is  giving  current. 

Experiment  VIII. — ^Magnetisation  Curve  of  Dynamo 
UNDER  Load. 

Diagrams  of  Connections. — As  for  Experiment  VI., 
Fig.  19,  page  69. 

Connections. — As  for  Experiment  VI.,  page  68. 

Instructions. — Keep  the  armature  current,  as  read  on 
ammeter  A,,  constant  throughout  the  experiment  by 
varying  Rj  when  necessary.    Also  keep  the  speed  constant. 

Increase  the  exciting  current  from  zero  to  its  maxi- 
mum value  by  decreasing  the  resistance  R.^.  For  each 
value  of  the  exciting  current  read  the  d3Tiamo  voltage 
on  the  voltmeter  V. 

Take  a  similar  set  of  readings  with  decreasing  values 
of  the  exciting  current. 

If  necessary,  correct  for  speed  variation  as  before. 

The  results  should  be  entered  in  tabular  form  as 
shown  on  page  77. 

Plot  a  curve  showing  the  dependence  of  voltage  upon 
exciting  current,  plotting  voltage  vertically  and  excita- 
tion horizontally. 
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DETERMINATION    OF    MAGNETISATION    CURVE    OF    A 
DYNAMO   UNDER   LOAD. 

Observer Date 

Dynamo  No Type    

Normal  output  volts  amps.,  at  revs,  per  min. 

Armature  Current  during  experiment amps 

No.  of  turns  on  magnets 


Exciting  Current. 

Revolutions 

per 

Minute. 

Armature  Voltage. 

Ammeter  No. 
Constant 

Voltmeter  N( 
Constant 

) 

Reading. 

True  Value. 

Reading. 

True  Value. 

Fig.  21,  Curve  II.,  is  a  curve  obtained  as  described. 

The  upper  Curve  I.  on  the  same  figure  shows  the 
magnetisation  curve  obtained  with  the  same  machine 
according  to  the  method  of  Experiment  V.,  i.e.,  without 
current  in  the  armature.  The  difference  between  the 
curves  is  due  to  the  armature  reactions. 

The  voltage,  measured  vertically  between  the  curves, 
shows  in  another  manner  the  effect  of  armature  reactions 
on  the  voltage  of  the  machine. 

During  the  experiment  recorded  in  Fig.  21  the 
brushes  were  kept  at  the  same  angle  of  lead.  Since  the 
armature  current  was  also  kept  constant,  the  armature 
reaction  was  maintained  at  the  same  value  throughout. 
The  effect  upon  the  voltage  of  the  dynamo  was  not 
constant,  however  ;  at  least,  this  is  true  of  the  magnetic 
reactions.  The  loss  of  voltage  due  to  ohmic  drop  in  the 
armature  conductors  was  constant,  since  the  current 
was  kept  the  same.  In  the  experiment  this  was  found 
to  be  13  volts.  The  dotted  line  (Curve  III.)  is  dra\vn 
above  Curve  II.  at  a  uniform  distance  corresponding  to 
13  volts.  Consequently  the  vertical  distance  between 
Curves  I.  and  III.  represents  the  drop  due  to  magnetic 
reactions  alone.     At  the  lower  part  of  Curve  III.  the  loss 
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of  voltage  is  nearly  20  volts,* due  to  magnetic  reactions. 
Hence  at  this  point  13  volts  are  spent  in  overcoming 
armature  resistance,  nearly  20  volts  are  lost  owing  to 
the  demagnetising  effect  of  the  armature  current,  and 
about  19  volts  only  are  left  at  the  dynamo  terminals. 
At  points  higher  on  the  curve  the  effect  of  the  armature 
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Amperes  Excitation. 
Fig  21. 

I. — Magneti.sation  curve  at  no-load. 
II. — .Magnetisation  curve  at  full  load. 
III. — Total  voltage  generated  in  armature  at  full  load. 

demagnetisation  is  less,  since  the  permeability  of  the 
armature  core  and  poles  is  less,  due  to  saturation.  Hence, 
although  the  demagnetising  magneto-motive  force  is 
the  same,  its  effect  upon  the  voltage  is  less.  Consequently 
the  Curves  I.  and  III.  approach  each  other. 

At  the  top  part  of  the  curves  they  recede  from  each 
other  again  to  a  slight  extent.     This  is  probably  due  to 

f.A  small  portion  of  this  loss  of  voltage  will  be  due  to  losses  in  commutation. 
This  is  neglected   in  the   discussion. 
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secondary  actions,  such  as  the  increased  magnetic  leakage, 
demagnetisation  due  to  eddy  currents  in  the  armature 
core  at  higher  densities,  and,  perhaps,  partly  also  to 
over-saturation  of  the  yoke  or  some  other  portion  of  the 
magnetic  circuit. 


CHAPTER  VI. 

Shunt-wound  Dynamo. 

In  the  experiments  described  liitherto  the  magnet 
windings  were  supplied  with  current  from  a  source 
independent  of  the  voltage  of  the  machine  itself.  This 
condition  agrees  with  cases  occurring  in  actual  practice 
more  nearly  than  would  appear  at  first.  In  nearl}^  all 
cases  shunt-wound  dynamos  have  an  adjustable  resistance 
in  series  with  the  magnet  winding.  By  varying  this 
resistance  it  is  therefore  possible  to  regulate  the  exciting 
current,  and  to  keep  it  constant,  independently  of  the 
voltage  of  the  machine. 

In  the  next  experiments,  the  field  windings  are  con- 
nected directly  to  the  armature  terminals,  so  that  any 
variation  in  the  armature  voltage  will  affect  the  strength 
of  the  exciting  current  in  the  same  proportion. 

Shunt-wound  Dynamo. — In  a  '"  shunt  dynamo  "  the 
field  windings  are  supplied  with  current  generated  by  the 
machine  itself.  Such  a  dynamo  is,  therefore,  selj-exciting . 
The  field  windings  are  connected  to  the  brushes  in  parallel 
with  the  conductors  forming  the  main  external  circuit. 
The  voltage  available  for  supplying  the  load  current 
of  the  dynamo  will,  therefore,  be  also  the  voltage  supply- 
ing current  to  the  magnet  windings.  The  current 
generated  in  the  armature  of  the  machine  will  divide, 
and  flow  partly  through  the  field  windings  and  partly 
through  the.  main  circuit.  The  current  spent  in  excita- 
tion will  be  useless  so  far  as  the  output  of  the  dynamo 
is  concerned,  and  is  made  to  be  only  a  small  fraction — 
say,  from  1  to  3  per  cent. — of  the  total  current. 

Variations  in  the  speed  of  a  shunt-wound  dynamo 
affect  the  voltage  in  a  two-fold  manner.  If  the  armature 
conductors  make  fewer  revolutions,  the  voltage  wiU  fall, 
and  this  wiU  reduce  the  pressure  sending  current  through 
the  magnet  windings.  The  exciting  current  and  strength 
of  field  will  therefore  also  be  reduced.     Since  the  strength 
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of  field  does  not  increase  regularly  in  proportion  to  the 
ampere-turns  on  the  magnets,  the  voltage  of  a  shunt 
machine  does  not  vary  with  the  speed  according  to  any 
simple  law. 

Experiment  IX. — Determination  of  the  Relation 
Between  Voltage  and  Speed  of  a  vShunt-wound 
Dynamo. 

Diagram  of  Connections. 


-%AA/WV 
R 


D  Dynamo  armature. 

F  Dynamo  field  windings. 

R  Adjustable  resistance  for  regulating  the  load. 

A  Ammeter  for  measuring  load  current. 

V  Voltmeter  for  measuring  dynamo  voltage. 

S  Switch  for  breaking  main  circuit. 

•  Connections. — Connect  the  shunt  winding  to  the 
armature  terminals,  so  as  to  render  the  machine  self- 
exciting. 

Connect  a  voltmeter  across  the  armature  terminals. 

Connect  the  main  terminals  to  a  variable  resistance 
in  series  with  an  ammeter  and  switch. 

Instructions. — First  open  switch  S  so  that  the  load 
is  nil.  Take  a  series  of  readings  on  the  voltmeter  for 
different  values  of  the  speed,  which  should  be  gradually 
increased  from  a  low  value  to  a  speed  25  per  cent,  above 
the  normal.  Continue  the  readings  while  gradually 
decreasing  the  speed  to  the  value  obtained  at  starting. 
The  variation  in  speed  is  best  carried  out  by  driving  the 
dynamo  by  a  motor. 
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Then  close  the  switch,  so  that  the  dynamo  gives 
current,  and  repeat  the  readings  at  the  same  range  of 
speeds  as  before. 

Take  several  series  of  readings,  each  series  corre- 
sponding to  a  certain  load. 

At  the  beginning  of  each  series  move  the  brushes 
forward,  if  necessary,  to  prevent  sparking. 

The  results  should  be  entered  as  in  the  following 
table  : — 

DETERMINATION    OF    DEPENDENCE    OF    VOLTAGE    ON 
SPEED   IN   SHUNT  DYNAMO. 

Observer Date  

Dynamo  No Tj-pe : 

Normal  output volts amps.,  at    revs,  per  min. 


Voltage. 

Load  Current. 

Revolutions 

Voltmeter 

Ammeter  No. 
Constant    .... 

per 

Constant   

Minute. 

Reading. 

True  Value. 

Reading. 

True  Value. 

Plot  curves  showing  dependence  of  volts  upon  speed, 
plotting  a  separate  curve  for  each  value  of  the  load. 
Measure  speed  horizontally  and  voltage  vertically. 

The  curve  shown  in  Fig.  23  gives  the  results  of  a 
test  carried  out  at  no-load  on  a  2-pole  dynamo,  whose 
normal  speed  is  1,600  revs,  per  minute.  The  curve 
becomes  practically  a  straight  line  for  speeds  above 
900  revs,  per  minute.  Above  that  speed  both  speed  and 
voltage  increase  in  a  fairly  constant  proportion  of  1  volt 
for  13-6  revs,  per  minute.  Often  the  point  at  which 
the  curve  begins  to  rise  rapidly  is  much  more  marked 
than  is  the  case  in  Fig.   23,  and  the  curve  appears  to 
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consist  of  two  straight  lines — a  short  one  inclined  slightly 
to  the  horizontal  joining  on  to  a  second  line  inclined  at 
a  greater  angle. 

The  form  of  the  curve  for  any  given  machine  will 
depend  upon  the  shape  of  the  magnetisation  curve,  but 
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Fig.  23.— Curve  Showi.ng  Dependence  of  Voltage  of  a  Shunt  Dynamo 
ON  Speed. 

usually  a  simple  approximate  relation  may  be  found 
connecting  variations  of  speed  and  voltage  where  the 
variations  from  the  normal  are  not  great. 

In  the  region  of  speeds  likely  to  occur  in  practice, 
the  straight  portion  of  the  curve  given  in  Fig.  23  satisfies 
approximately  the  equation 

V  =  S-^ 
13-6 

When  V   =  voltage  and  S   =  revolutions  per  minute. 

Characteristic  of  a  Shunt  Dynamo. — The  curve  usually 
termed  the  Characteristic  Curve  of  a  dynamo  is  one 
giving  the  relation  between  the  voltage  and  load  of  the 
machine  when  running  at  its  normal  speed.  It  is  a  curve 
in  which  the  vertical  scale  represents  volts,  and  the 
horizontal  scale  amperes.  Such  a  curve  is  of  very  great 
use,  since  it  shows  completely  what  output  the  machine 
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may  be  made  to  give.     It  has  also  other  uses,   as  will 
shortly  be  pointed  out. 


Experiment    X. — Determination     of     the     Charac- 
teristic Curve  of  a  Shunt- wound  Dynamo. 

Diagram  of  Connections. 


-WWW 
R 


D  Dynamo  armature. 

F  Dynamo  field  windings. 

R  Adjustable  resistance  for  varying  the  load. 

A  Ammeter  for  measuring  load  current. 

V  Voltmeter  for  measuring  dynamo  voltage. 

S  Switch  for  breaking  main  circuit. 

Connections. — See  that  the  shunt  winding  is  connected 
to  the  brushes  of  the  dynamo. 

Connect  the  main  terminals  to  a  variable  resistance, 
including  in  the  circuit  an  ammeter  and  switch. 

Connect  a  voltmeter  to  the  armature  terminals. 

Instructions. — Begin  with  the  switch  in  the  load  circuit 
open,  so  that  the  load  is  nil.  Then  increase  the  load 
gradually  by  first  closing  the  switch  and  then  decreasing 
the  resistance  R. 

For  each  value  of  the  load,  read  the  ammeter  A, 
voltmeter  V,  and  the  speed. 

The  speed  should  be  kept  as  nearly  constant  as  possible. 

The  machine  should  have  been  running  for  some 
time  before  readings  are  taken,  to  avoid  errors  due  to 
alteration  in  the  resistance  of  the  windings  when  heated. 
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If  the  speed  varies,  a  correction  in  the  readings  of  the 
voltmeter  should  be  made  by  means  of  the  curves  obtained 
in  Experiment  IX.,  from  which  the  variation  in  voltage 
due  to  any  variation  of  speed  can  be  read  off. 
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Amperes. 
-Characteristic  Curve.s  op  Shunt  Dynamo. 


Throughout  the  experiment  the  position  of  the 
brushes  should  be  adjusted  so  as  to  prevent  sparking. 

After  completing  the  readings,  and  while  the  windings 
are  still  hot,  determine  the  resistance  of  the  armature 
and  field  windings,  as  described  in  Experiments  I. — III., 
pages  9  to  22. 

Results  should  be  recorded  as  shown  in  the  table 
given  on  page  86. 

Plot  a  curve  showing  the  dependence  of  voltage 
(corrected,  if  necessary,  to  make  it  correspond  to  normal 
speed)  upon  load. 

The  curve  in  Fig.  25,  drawn  as  a  continuous  thick 
line,  shows  a  characteristic  curve  obtained  from  a  2-pole 
Crompton  dynamo.  The  fall  in  voltage  which  the  curve 
shows  with  increased  currents  is  due  both  to  the  ohmic 
drop  in  the  armature  conductors,  and  also  to  the  magnetic 
armature  reactions  which  increase  with  the  load.  This 
decrease  in  the  voltage  available  for  supplying  current  to 
the  magnets  causes  a  decrease  in  the  exciting  cuiTent, 
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and  a  decrease  in  the  field  strength,  and  consequently  a 
further  drop  in  voltage.  The  curve  may  be  compared 
with  the  curve  shown  in  Fig.  16,  page  61,  obtained  from 
the  machine  when  excited  with  constant  current  from  an 


DETERMINATION  OF  THE  CHARACTERISTIC    OF  A    SHUNT 

DYNAMO. 

Observer Date 

Dynamo  No Type 

Normal  output volts amps.,  at revs,  per  min. 

Resistance  of  armature  (hot) ohms. 

Resistance  of  held  windings  (hot) ohms. 


Load  Current. 

Revolutions 

per 

Minute 

=  ni 

Voltage. 

Ammeter  I 
Constant... 

io 

Voltmeter 
Constant 

No 

Reading. 

True 
Value. 

Reading. 

True 
Value 
=  VI 

Voltage* 
correspond- 
ing to 

Normal 
Speed  =  V. 

external  source,  at  a  slightly  higher  voltage.  The 
difference  between  two  curves  taken  from  the  same 
machine  under  these  conditions  will  show  the  effect  of  the 
lessened  excitation  of  the  shunt  dynamo  at  heavy  loads. 

For  most  purposes  the  curve  would  only  be  obtained 
for  currents  having  values  between  zero  and  the  maximum 
which  the  machine  was  intended  to  give  out,  or  to  an 
overload  of  about  25  per  cent.  In  the  curve  given  in 
Fig.  25  this  would  be  the  upper  portion  of  the  curve 
corresponding  to  loads  between  0  and  17  amperes. 

If  the  resistance  in  the  circuit  be  decreased  beyond 
these  values,  further  readings  on  the  curve  are  obtained. 
The  curve  slopes  downwards  more  and  more  steeply,  and 

*If  the  speed  does  not  remain  constant  during  the  experiment  a  correction 
must  be  made  by  the  aid  of  the  curve  corresponding  to  the  same  load  obtained  in 
Experiment   IX. 
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finally  becomes  vertical,  i.e.,  the  voltage  corresponding 
to  a  given  load  becomes  unstable.  If  the  resistance  of 
the  circuit  be  carefully  and  gradually  decreased  still 
further,  the  curve  will  be  found  to  bend  back  towards  the 
origin.  WTien  gradually  short-circuited,  the  dynamo 
gives  no  voltage  and  no  current,  or  only  a  small  current, 
on  account  of  its  possessing  some  residual  magnetism. 

It  is  thus  found  that  the  machine  will  give  either  of 
two  voltages  for  any  particular  strength  of  current, 
depending  on  the  resistance  in  the  external  circuit. 

Judgment  must  be  used  in  taking  the  complete 
shunt  characteristic,  as  in  some  cases  the  current  in 
the  armature  may  be  sufficient  to  overheat  it.  Also  with 
some  machines  the  sparking  which  occurs  at  the  brushes 
becomes  injurious  when  the  voltage  falls  considerably. 

Total  Characteristic. — The  curve  described  above,  and 
shown  as  a  full  line  in  Fig.  25,  page  85,  is  the  "  external 
characteristic." 

The  external  characteristic  of  a  djTiamo  is  obtained 
by  measuring  the  current  in  the  external  circuit,  and 
the  voltage  between  the  dynamo  terminals. 

From  this  curve  may  be  derived  another,  called  the 
"  total  characteristic,"  or  "  internal  characteristic." 
The  total  characteristic  shows  the  relation  between  the 
total  current  flowing  in  the  armature  and  the  total 
voltage  generated.  The  total  current  includes  the  current 
flowing  in  the  field  windings  as  well  as  the  external 
current.  The  total  voltage  includes  the  volts  "  lost  "  in 
the  armature  owing  to  its  resistance,  in  addition  to  the 
voltage  measured  at  the  terminals.  The  exciting  current 
is  proportional  to  the  djniamo  voltage,  and  the  "  lost  " 
volts  in  the  armature  are  proportional  to  its  current. 

The  current  spent  in  excitation  at  various  voltages 
may  be  represented  on  the  same  sheet  of  paper  as  the 
characteristic  curve,  by  a  straight  line  passing  through 
the  origin  of  co-ordinates. 

In  the  case  of  the  machine  from  which  Fig.  25  was 
drawn,  the  resistance  of  the  field  windings  was  95  ohms 
when  hot.  At  100  volts  the  exciting  current  was,  there- 
fore, -^—   =  105  amps.     On  the  vertical  line  correspond- 


88  SHUNT-WOUND    DYNAMO. 

ing  to  100  volts,  a  length  equal  to  105  amps,  was  marked 
off,  and  the  line  joining  this  point,  a  to  O,  shows  the 
current  taken  by  the  field  winding  at  any  voltage  of  the 
dynamo.  For  any  voltage  the  exciting  current  is  given 
by  the  horizontal  distance  of  0  a  from  the  vertical  axis, 
measured  at  the  height  corresponding  to  that  voltage. 

Similarly  the  volts  lost  in  the  armature  at  any  load 
may  be  indicated  by  a  second  straight  line  0  b  drawn 
through  0. 

Thus  (see  Fig.  25)  with  an  armature  resistance  of 
•18  ohms  the  loss  in  voltage  at  20  amps,  will  be  '18  x  20 
=  36  volts.  The  line  0  6  is  consequently  drawn  through 
the  point  b,  corresponding  to  20  amps,  and  3-6  volts. 
The  ordinates  of  this  line  represent  the  loss  of  voltage 
at  any  load. 

From  the  external  characteristic,  sho^\^l  as  the  thick- 
line  curve  in  Fig.  25,  may  be  derived  three  other  curves. 

Curve  1  shows  the  dependence  of  the  terminal  voltage 
on  the  total  armature  current  (  =  load  current  +  exciting 
current).  This  curve  is  shown  in  long  and  short  strokes. 
It  is  derived  from  the  experimental  curve  by  adding  to 
the  observed  current  the  corresponding  exciting  current. 
The  curve  lies  at  each  point  exactly  as  far  to  the  right  of 
the  original  curve  as  the  line  0  a  is  to  the  right  of  the 
vertical  axis  at  the  corresponding  voltage  of  the  machine. 

Curve  2  shows  the  relation  between  load  current  and 
total  voltage  (  =  observed  voltage  +  voltage  lost  in  the 
armature). 

This  curve  (shown  in  long  dashes)  is  obtained  from 
the  observed  characteristic  by  adding  to  each  ordinate  a 
length  equal  to  the  height  of  O  6  above  the  horizontal 
axis  at  the  load  considered  ;  thus  adding  the  "  lost  " 
volts  to  the  observed  voltage  in  each  case. 

Curve  3  is  the  total  characteristic,  and  is  shown  in 
Fig.  25  by  a  fine  continuous  line.  It  shows  the  relation 
between  the  total  current  flowing  in  the  armature  and 
the  total  voltage  generated. 

In  deriving  this  curve  from  the  experimental  external 
characteristic,  each  point  is  taken  higher  than  the 
corresponding  point  on  the  external  characteristic  by  an 
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amount  equal  to  the  armature  drop,  and  further  from 
the  vertical  axis  by  an  amount  equal  to  the  exciting 
current. 

The  method  of  drawing  the  total  characteristic  after 
obtaining  the  external  curve  is  as  follows  :  From  any 
point,  p,  on  the  external  characteristic  draw  a  horizontal 
line  p  m  equal  in  length  to  the  distance  of  O  a  from  the 
vertical  axis  at  the  height  above  the  horizontal  axis 
of  the  point  p. 

From  the  end  m  of  the  line  so  drawTi,  draw  a  vertical 
line  m  n  uj^wards,  making  m  n  equal  in  length  to  the 
height  of  the  line  0  h  above  the  base  line  at  the  point 
directly  below  m.  The  end  of  this  line  n  will  be  a  point 
on  the  required  curve. 

The  horizontal  distance  between  the  total  and 
internal  characteristics  is  proportional  to  the  current 
spent  in  the  machine  ;  also  the  vertical  distance  between 
the  curves  is  proportional  to  the  voltage  lost.  The  area 
enclosed  between  them  is  proportional  to  the  product  of 
amperes    x  volts  wasted  in  the  d^mamo. 

The  area  between  the  internal  and  external  characteris- 
tic curves  is  consequently  proportional  to  the  power 
lost  in  the  machine.  Consequently  the  more  nearly  the 
two  curves  coincide,  the  higher  is  the  efficiency  of  the 
dynamo. 

Usually  the  field  magnets  will  possess  a  certain 
amount  of  residual  magnetism  which  will  enable  the 
dynamo  to  send  current  when  the  terminals  are  short- 
circuited  and  the  exciting  current  is  zero.  This  will  be 
shown  by  the  characteristic  cutting  the  horizontal  axis 
at  some  point  to  the  right  of  O,  indicating  that  there  is 
current  flowing  although  the  voltage  at  the  terminals  is 
too  small  to  be  observed. 

Resistance  Characteristic. — The  results  of  Experiment  X. 
should  also  be  plotted  in  another  way,  namely,  on  a 
curve  showing  the  dependence  of  the  voltage  upon  the 
conductivity  of  the  external  circuit.  The  resistance  of 
the  circuit  will  be  the  value  of  the  fraction 

volts  measured  at  dynamo  terminals 
current  in  circuit 
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The  conductivity  of  the  circuit  is 

1  current  in  circuit, 

resistance  of  circuit       dynamo  voltage. 

The  name  given  to  the  unit  of  conductivity  is  the 
7nho,  representing  the  inverse  of  the  ohm. 
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Fio.  26.— Conductivity  Characteristic  of  SnUiNT  Dynamo. 

For  each  value  of  the  current  the  conductivity  should 
be  calculated  and  its  values  plotted  horizontally,  the 
corresponding  voltage  being  measured  vertically.  In 
this  manner  the  curve  in  Fig.  26  has  been  obtained  from 
the  results  recorded  in  Fig.  25. 

The  curve  shows  that  whenever  the  circuit  resistance 
alters  (as  by  the  switching  on  of  lamps  in  a  lighting 
circuit),  the  voltage  of  the  dynamo  will  vary,  no  part  of 
the  curve  being  horizontal,  although  it  is  nearly  so  at  the 
upper  part  of  the  curve,  when  the  conductivity  is  very 
small. 

The  curve  may  equally  well  be  plotted  with  ohyns 
instead  of  mhos  as  base,  so  as  to  show  dependence  of 
voltage  on  the  resistance,  instead  of  conductivity,  of  the 
main  circuit.  This  is  shown  for  the  same  observations  in 
Fig.  27,  from  which  similar  deductions  might  be  made. 
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Power  Curves — Here  it  may  be  well  to  explain  a  method 
of  adding  to  any  characteristic  curve  a  series  of  lines 
showing  at  a  glance  the  amount  of  power  given  out  by  the 
d3nnamo  when  working  under  conditions  corresponding 
to  any  point  on  the  characteristic. 

The  power  given  out  by  a  dynamo  is  measured  in 
watts,  i.e.,  by  the  product  of  the  current  and  voltage 
measured  at  the  terminals  (  =  volts    x   amps). 

^^^len  working  under  conditions  corresponding  to  any 
point  P  (see  Fig.  28)  on  the  diagram,  the  output  of  the 
dynamo  is  the  product  of  the  current,  represented  by  the 
length  of    PN,  multiplied   by  the   voltage,   represented 
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Fig.  27.— Resistance  CH.tRAciERisiic  of  shunt  Dynamo. 
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by  the  length  of  PM.  The  product  PX  PM  therefore 
represents  the  output  of  the  dynamo  measured  in  watts. 
Any  other  points  on  the  diagram  for  which  the  product 
of  the  distances  from  OX  and  OY  is  equal  to  the  product 
PN  X  PM  will  correspond  to  the  same  output  as  P. 
That  is,  a  dynamo  giving  the  current  and  voltage  corre- 
sponding to  any  of  these  points  would  give  out  the  same 
power  as  when  giving  the  current  and  voltage  measured 
by  PN  and  PM. 

It  is  possible  to  find  graphically  a  series  of  points  for 
which  the  product  of  the  distances  from  OX  and  OY  is 
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always  a  constant  quantity.  A  line  joining  a  series  of 
such  points  may  be  called  a  "  constant  power  "  curve, 
since  all  points  on  the  curve  correspond  to  the  same 
number  of  watts.  The  curve  will  be  a  rectangular 
hyperbola,  the  peculiarity  of  which  is  that  the  rectangles 
formed  by  drawing  horizontal  and  vertical  lines  from 
any  point  on  the  curve  to  cut  the  co-ordinate  axes  will 
always  have  a  constant  area. 

A  number  of  such  curves  have  been  drawn  in  Fig.  28, 
each  corresponding  to  a  definite  output,  namely,  1,  2,  3, 
and  4  h.p.  respectively. 

The  method  of  drawing  a  curve  of  constant  power 
through  any  point  P  is  as  follows  : — 

Through  P  draw  horizontal  and  vertical  lines  PN, 
PM,  to  meet  the  co-ordinate  axes  in  N  and  M  (see  Fig.  28). 
Through  0,  the  intersection  of  the  axes,  draw  any  line 
0  6  a,  cutting  NP  and  MP  in  h  and  a  respectively. 
Through  h  and  a  draw  vertical  and  horizontal  lines 
intersecting  in  Q.  Q  is  a  point  on  the  curve.  By 
drawing  other  lines  through  0,  making  different  angles 
with  the  base  line,  other  points  may  be  obtained.  Hori- 
zontal and  vertical  lines  may  be  drawn  from  any  of  the 
points  so  found  in  order  to  determine  fresh  points  exactly 
as  described  for  the  point  P.  Since  the  horizontal  and 
vertical  lines  can  be  drawn  with  Tee  and  set  squares, 
sufficient  points  to  enable  a  complete  curve  to  be  drawn 
may  be  found  fairly  rapidly. 

Wlien  a  diagram  is  to  be  subdivided  by  a  series  of 
curves,  as  in  Fig.  28,  the  following  mode  of  procedure 
will  be  found  to  save  a  considerable  amount  of  time  in 
finding  suitable  points.  In  Fig.  28  the  method  is  only 
shown  fully  carried  out  for  the  1  h.p.  curve. 

Along  a  convenient  horizontal  line  near  the  top  of  the 
diagram,  corresponding  to  a  round  number  of  volts,  mark 
off  points  corresponding  to  the  various  powers  for  which 
curves  are  to  be  drawn.  Thus,  in  Fig.  28,  the  line  S  T, 
corresponding  to  100  volts,  is  divided  at  points  corre- 
sponding to  7-46,  14-92,  22-38,  and  29-84,  since  7- 46 
amps.  X  100  volts  =  1  h.p.,  and  similarly  for  the  points 
on  the  2,  3,  and  4  h.p.  curves.  Draw  a  series  of  radiating 
lines  from  O,  to  a  number  of  equidistant  points  along  the 
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line  S  T.  The  number  of  these  points  should  be  chosen 
equal  to  the  number  of  points  on  the  curve  required,  and, 
for  convenience,  the  points  should  be  at  the  intersection 
of  S  T,  with  the  vertical  lines  of  the  squared  paper. 
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To  obtain  points  on  the  1  h.p.  curve,  draw  a  vertical 
line  through  the  point  r  corresponding  to  746  amps., 
and  from  the  points  of  intersection  c,  &c.,  of  this  line 
with  the  radiating  lines,  draw  horizontal  lines  cF,  &c.,  to 
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meet  the  vertical  lines  sP,  &c.,  drawn  from  the  upper 
point  of  the  radiating  lines  Oc,  &c.  The  points  P,  Q,  &c., 
so  found,  lie  on  the  curve. 

By  this  method  the  whole  of  the  curves  may  be 
rapidly  drawn,  since  a  suitable  number  of  points  at  even 
distances  along  each  are  found  by  the  construction. 


CHAPTER    VII. 

The  Series  Dynamo. 

Characteristic  of  a  Serics-wourAd  Dynamo. — In  the  experi- 
ments so  far  described,  the  field  magnets  were  either 
independently  excited,  or  were  connected  to  the  armature 
of  the  dynamo  so  as  to  receive  current  from  it  at  the 
voltage  of  the  external  circuit.  In  one  case  the  d3Tiamo 
was  '■  separately  excited,"  and  in  the  other  case  the 
dynamo  was  "  shunt  excited,"  the  field  windings  forming 
a  parallel  circuit,  or  shunt,  to  the  main  circuit.  In  a 
shunt  dynamo  the  current  generated  in  the  armature 
divides,  and  flows  partly  round  the  magnets  and  partly 
through  the  external  circuit.  The  current  employed  in 
excitation  varies  only  with  the  voltage  of  the  machine. 

In  a  series  dynamo  the  entire  current  flows  through 
the  field  coils,  which  are  connected  in  series  with  the 
main  circuit.  In  this  case,  an  increase  of  load  means  an 
equal  increase  in  the  exciting  current.  The  excitation, 
therefore,  depends  upon  the  load  and  increases  with  it. 
The  voltage  of  the  dynamo  will  therefore  be  higher  at 
full  load,  and  the  "  characteristic  "  of  a  series  dynamo 
must  be  a  rising  curve. 

Experiment  XI — Determination   of  the  Characterlstic 
Curve  of  a  Series-wound  Dynamo. 
Diagram  of  Connections. 


Fig.   29. 


D  Dynamo  armature. 

F  Dynamo  field  windings. 

R  Adjustable  resistance  for  varying  the  load. 

A  Ammeter  for  measuring  load  current. 

V  Voltmeter  for  measuring  dynamo  voltage. 

S  Switch  for  breaking  main  circuit. 
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Connections. — See  that  the  field  windings  are  connected 
so  that  the  whole  of  the  current  passes  through  them. 
In  circuit  with  the  armature  connect  a  variable  resistance, 
an  ammeter,  and  a  switch.  Connect  a  voltmeter  to 
the  armature  terminals. 

Instructions — Adjust  the  resistance  R  to  its  maximum 
value.  Close  switch  S,  slowly  decrease  R  until  the 
dynamo  gives  its  maximum  current.  Then  decrease  the 
load  gradually  by  increasing  the  resistance  R,  taking 
readings  of  load  current,  voltage,  and  speed  for  each 
value  of  the  load.  Take  a  similar  series  of  readings  while 
gradually  increasing  the  load  to  its  former  value.  The 
speed  should  be  kept  constant. 

In  starting,  it  will  be  found  that  the  dynamo  will  not 
excite  until  the  resistance  of  the  external  circuit  has  been 
reduced  to  a  fairly  low  value,  when  the  voltage  and 
current  will  both  rise  rapidly.  The  adjustment  of  the 
resistance  must  therefore  be  made  carefully.  A  slight 
movement  backwards  of  the  brushes  often  assists  the 
excitation  to  start. 

Throughout  the  experiment  the  position  of  the  brushes 
should  be  adjusted  so  as  to  prevent  sparking. 

Immediately  after  completing  the  readings,  and  while 
the  windings  are  still  warm,  determine  the  resistance  of 
the  armature  and  field  windings  according  to  one  of  the 
methods  described  in  Experiments  I.  to  III.,  pages 
9  and  seq.  Observe  whether  the  speed  varies  during 
the  experiment. 

If  the  speed  does  not  remain  constant  dui'ing  the 
experiment,  a  correction  must  be  made  as  follows  . — 
Let  n    =  revolutions  per  minute  of  armature  at  normal 

speed, 
n^  =  revolutions  per  minute  of  armature  at  observed 

speed. 
V^  =  voltage    at    observed    speed    (entered    in    fifth 

column  of  table  on  next  page). 
V  =  voltage    which    would    have    been    obtained    at 

normal  speed  (entered  in  last  column). 

Then  V  =  V^^, 
n^ 
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The  simplicity  of  this  correction  is  due  to  the  fact 
that  for  a  given  load  the  excitation  and  armature 
reactions  are  practically  constant,  and  the  voltage  will 
consequently  only  depend  upon  the  speed,  and  be 
directly  proportional  to  it. 

In  the  table  of  results  given  below,  the  figures  entered 
in  the  column  headed  ' '  Voltage  corresponding  to  normal 
speed  "  are  to  be  obtained  in  this  manner  from  those  in 
the  preceding  column. 

The  method  of  entering  up  the  results  is  as  shown 
below. 


DETERMINATION  OF  CHARACTERISTIC  CURVE  OF  A 
SERIES  DYNAMO. 


Observer Date 

Dynamo  No Type    

Normal  output volts amps.,  at revs,  per  min. 

Resistance  of  armature  (hot) ohms. 

Resistance  of  field  windings  (hot) ohms. 


Load  Current. 

Revolutions 

per 

Minute. 

=  ni 

Voltage. 

Ammeter  ^ 
Constant... 

ro 

Voltmete 
Constant 

rNo 

Reading. 

True 
Value. 

Reading. 

True 
Value 

=Vi 

Voltage 
correspond- 
ing to 

Normal 
Speed  =  V. 

Plot  a  curve  showing  the  dependence  of  voltage 
{corrected,  if  necessary,  to  make  it  correspond  to  normal 
speed)  upon  load. 

The  curve  drawn  as  a  full  line  in  Fig.  .30  (page  98) 
is  the  characteristic  curve  determined  for  a  2-pole  series 
dynamo,  2J  kw.  output,  at  1,450  revs,  per  minute. 


98 


THE    SERIES    DYNAMO. 


Horse-power  curves,  showing  graphically  the  power 
of  the  dynamo,  may  be  added  on  the  same  sheet  as  the 
characteristic,  as  explained  in  connection  with  the^shunt 
dynamo.     (See  Fig.  28,  page  93.) 

The  characteristic  of  a  series  dynamo  resembles 
the  magnetisation  curve,  since  the  current  of  the  dynamo 
plotted  horizontally  on  the  curve  is  also  the  exciting 
current.  The  only  difference  between  the  two  curves 
is  that  the  armature  reactions  reduce  the  voltage  in 
the  characteristic  curve  slightly  below  the  values  it 
would  have  on  a  curve  taken  without  current  in  the 
armature. 

In  Fig.  30,  the  magnetisation  curve  taken  without 
armature  current  is  showTi   for  comparison,  the  exciting 
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Fig.  30.— Characteristic  Curve  of  Series  Dynamo. 
Curve  I. — External  characteristic. 
,,     II. — Internal  characteristic. 
,,    III. — Magnetisation  Curve  at  no  load. 

current  being  derived  from  an  external  source.     This  is 
the  Curve  III.  drawn  in  long  and  short  dashes. 

The  volts  represented  by  vertical  distances  between 
Curves  I.  and  III.  are  partly  "  lost  "  in  overcoming  the 
resistance  of  the  armature  and  series  winding,  and^are 
partly  voltage  drop  due  to  the  demagnetising  action  of 
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the  armature  currents.  Curve  II.  drawn  above  Curve  I. 
is  obtained  from  it  by  adding  the  loss  of  voltage  due  to 
the  resistance  in  the  armature  and  field.  Thus  the 
difference  between  Curves  II.  and  III.  represents  the 
effect  of  magnetic  armature  reactions.  This  is  seen  to  be 
slight  for  the  lower  part  of  the  curves.  This  is  owing  to 
the  fact  that  both  armature  current  and  field  current 
increase  together,  and  when  the  magnetic  path  is  unsatu- 
rated the  demagnetising  action  of  the  armature  is  a 
constant  fraction  of  the  total  magnetisation  so  long  as 
the  brushes  are  not  shifted.  Owing  to  the  same  cause  it 
is  unnecessary  to  shift  the  brushes  much  at  light  loads 
in  the  case  of  a  series  dynamo.  As  the  magnets  become 
saturated,  the  effects  of  armature  reaction  increase,  and 
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Fig.  31.— CONDLCTiviTY  Characteristic  of  Series  Dynamo. 


the  brushes  may  have  to  be  moved  forward,  producing  a 
considerable  difference  in  the  height  of  the  two  curves, 
owing  to  the  weakening  effect  of  the  armature  reactions 
upon  the  main  field,  discussed  in  Chapter  V. 

,  .The  drooping  of  the  characteristic  is  always  greater  if 
the  magnets  are  weak,  or  if,  being  made  of  small  section, 
they  become  highly  satura^d.  It  also  occurs  most  in 
those  machines  in  which  the  armature  core  is  saturated, 
as  this  increases  the  magnetic  leakage  to  a  great  extent. 
The  permeability  of  the  armature  core  becoming  smaller 
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owing  to  the  core  saturation,  many  of  the  lines  of  the 
field  pass  from  pole  to  pole,  through  the  air,  instead  of 
through  the  armature. 

Resistance  Characteristic. — The  results  of  this  experi- 
ment should  also  be  plotted  as  a  curve  showing  the 
dependence  of  voltage  upon  the  resistance  of  the  external 
circuit,  as  described  in  the  case  of  the  shunt  characteristic 
curve. 

Such  a  curve,  showing  the  results  obtained  from  the 
same  observations  at  Fig.  30,  is  sho\vn  on  Fig.  32. 

As  an  alternative,  volts  and  mhos  may  be  plotted^ 
showing  the  same  features  of  the  behaviour  of  the  machine. 
This  has  been  done  for  the  same  readings  on  Fig.   31. 
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Via.   32.— Resistance   Characteristic    of    Series    DYiNAiio. 

The  construction  of  curves  Figs.  31  and  32  will  be  clear 
from  the  description  given  in  the  case  of  Figs.  26  and  27 
for  a  shunt  dynamo. 

Total  Characteristic. — As  in  the  case  of  a  shunt  dynamo 
the  total  or  internal  characteristic  may  be  determined 
from  the  observed  external  characteristic  curve  of  a  series 
dynamo. 

The  current  will  be  the  same  in  both  internal  and 
external   characteristics.         The  difference   between   the 
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observed  volts  and  the  total  voltage  generated  in  the 
armature  will  be  the  volts  "  lost  "  in  the  armature  con- 
ductors and  series  field  winding,  through  both  of  which 
the  total  current  flows.  For  any  particular  value  of 
the  current  this  loss  of  voltage  is  the  product  of  the 
current  and  joint  resistance  of  the  armature  and  field 
winding. 

The  method  of  obtaining  one  curve  from  the  other 
is  similar  to  that  described  for  determining  the  "  armature 
drop  "  in  the  case  of  the  shunt  characteristic.  (See 
Fig  30,  page  98.) 

Through  any  convenient  point  N  on  O  X  draw  a 
vertical  line,  and  mark  off  a  length  N  S  equal  (on  the 
scale  of  volts)  to  the  product  of  the  current  0  N  (say 
20  amps)  and  the  sum  of  the  armature  and  field  resist- 
ances (in  this  case  "25  ohm). 

Thus  N  S   =  20   X  -25   =  5  volts. 

Drawing  the  straight  line  O  S,  ordinates  of  this  line 
represent  the  volts  spent  in  the  armature  and  field 
windings,  which  are  not  recorded  on  the  voltmeter 
connected  to  the  dynamo  terminals. 

The  total  characteristic  is  now  obtained  from  the 
characteristic  curve  already  drawn  by  adding  to  its 
ordinates  lengths  equal  to  the  ordinates  of  the  line 
O  S.  In  this  way  Curve  II.  on  Fig.  30  has  been 
obtained. 

It  is  interesting  to  compare  three  curves  obtained,  as 
already  described,  for  a  given  machine. 

(1)  Magnetisation  curve  at  no  load  with  external 
excitation.     (Experiment  V.,  Fig.  14,  page  48.) 

(2)  Magnetisation  curve  with  constant  load  current 
and  external  excitation.  (Experiment  VIII., 
Fig.  21,  page  78.) 

(3)  Series  characteristic,  load  and  excitation  varying 
together.     (Experiment  XI.,  Fig.  30,  page  98.) 

Arc-lighting  Dynamos. — Series  machines  are  often  used 
for  arc-lighting.  In  this  case  the  arc  lamps  are  connected 
in  series,  so  that  the  dynamo  is  required  to  give  a  fairly 
constant  current  over  a  considerable  range  of  voltage, 
depending  upon  the  number  of  lights  in  use. 
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Many  automatic  devices  for  regulating  the  current  by 
shifting  the  brush  rocker,  or  varying  the  excitation,  have 
been  employed.  These  will  not  be  discussed  here,  but 
one  feature  in  the  design  of  series  dynamos  for  constant 
current  may  be  referred  to. 
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Fig.   33.— Series   Characteristic   of    Arc  -  Lighting    Dynamo. 

If  the  effects  tending  to  produce  a  downward  l^end 
in  the  characteristic  are  sufficiently  pronounced,  the 
characteristic  may  be  made  to  bend  doA\Ti  so  steeply  that 
for  considerable  variations  in  voltage  the  current  varies 
only  slightly.    In  this  way  a  drooping  characteristic  may 
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be  an  advantage,  if  the  machine  be  made  to  work  on  the 
drooping  portion  of  the  curve.  An  example  of  such  a 
case  is  shown  in  Fig.  33  (page  102),  the  working  part  of 
the  curve  being  between  about  40  and  60  volts. 

The  chief  causes  producing  a  downward  bend  in  the 
curve  are  :  (a)  Armature  reaction,  especially  with  a 
considerable  forward  lead  of  the  brushes.  (6)  Saturation 
of  magnets,  (c)  Magnetic  leakage,  especially  that  due  to 
a  saturated  armature  core,  (d)  Resistance  of  armature 
and  field  windings,  which  is  sometimes  purposely  aug- 
mented by  a  resistance  in  series  with  them,  when  a  droop- 
ing characteristic  is  desired. 

Effect  of  Variation  of  Speed. — The  horizontal  scale  in 
the  characteristic  of  a  series  dynamo  is  a  measure  of 
the  excitation  as  well  as  the  main  current.  From  this  it 
follows  that  if  the  machine  be  run  at  a  different  speed 
while  giving  the  same  current,  and  consequently  receiving 
the  same  excitation,  the  effect  will  be  a  variation  in 
voltage  proportional  to  the  variation  in  speed  (see  Experi- 
ment IV.)  Thus  a  characteristic  curve*  taken  when 
running  at  a  speed  30  per  cent,  above  the  normal  would 
be  similar  to  the  normal  characteristic,  except  that  the 
height  of  all  points  on  the  curve  would  be  30  per  cent, 
more.  That  is,  the  vertical  scale  would  be  altered  in 
the  same  ratio  as  the  speed,  the  horizontal  scale  remaining 
the  same. 

Conditions  for  Self-excitation. 

Critical    External    Resistance    of     a     Series    Dynamo. — In     a 

series  dynamo  it  is  the  current  flowing  in  the  external 
circuit  supplied  by  the  machine  which  excites  the  field 
magnets.  If  the  main  switch  of  the  circuit  is  open,  the 
resistance  of  this  circuit  is  infinite  and  no  excitation  is 
possible.  If  the  switch  is  closed,  but  the  circuit  has  a 
high  resistance,  the  current  may  still  be  insufficient  to 
enable  the  dynamo  to  send  enough  current  through  the 
circuit  to  reinforce  the  residual  magnetism  of  the  field, 
and  enable  the  machine  to  generate  more  current,  so  as 
to  become  self-exciting. 

*This  is  only  strictly  true  of  the  total  or  internal  characteristic.    It  is   the 
total  voltage  generated  which  will  vary  in  the  same  ratio  as  the  speed. 
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There  is  thus  a  certain  maximum  value  of  the  external 
resistance  which  will  just  allow  a  series  dynamo  to 
become  seK-exciting.  If  the  resistance  be  increased 
above  this,  the  dynamo  will  not  self-excite,  while  for  any 
smaller  value  of  the  resistance  the  dynamo  will  always 
be  self-exciting.  This  limiting  value  is  called  the 
critical  external  resistance. 

From  the  characteristic  curve  of  a  series  dynamo  it  is 
possible  to  ascertain  what  this  maximum  resistance  is, 
above  which  the  dynamo  will  fail  to  excite. 

The  critical  resistance  will  vary  if  the  dynamo  is  run 
at  different  speeds,  since  the  characteristic  curve  only 
applies  to  a  machine  when  running  at  one  definite  speed. 

A  dynamo  will  become  self-exciting  if  the  voltage 
necessary  to  produce  its  exciting  current  is  not  greater 
than  the  voltage  generated  by  the  dynamo.  If  under  any 
conditions  (for  instance,  an  excessive  resistance  in  the 
external  circuit)  the  voltage  required  to  maintain  the 
exciting  current  becomes  greater  than  the  dynamo 
voltage,  obviously  the  dynamo  cannot  itself  maintain 
the  excitation.  The  voltage  of  the  dynamo  will  con- 
sequently fall,  due  to  decreased  excitation,  and  will 
ultimately  become  steady  at  a  point  slightly  above  zero, 
where  it  will  be  maintained  by  the  residual  magnetism 
of  the  fields. 

Putting  this  into  symbols, 
Voltage  necessary  to  produce  exciting  current 

=  e   =  c  r  ;  hence  r  =  — 
c 

where  e  =  terminal  voltage  of  dynamo, 
c  =  djTiamo  current. 
r  =  resistance  in  external  circuit. 

But  the  external  characteristic  (see  Fig.  34)  gives  the 
relation  between  e  and  c. 

For  instance,  under  conditions  represented  by  any 
point,  P,  on  the  curve   e   =  N  P,  c   =  O  N. 

e      N  P 

.  •  .  r  =  —  =7=r-xT  =  tan  P  0  X  =  tan  a  if   volts  and 
c.      O  J\ 

amperes  are  both  plotted  to  the  same  scale,  and  a  is  the 
angle  made  by  0  P  with  the  horizontal. 
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Thus  the  external  resistance  is  always  represented  by 
the  tangent  of  the  angle  POX  for  any  point  P  on  the 
curve,  when  P  O  is  the  line  drawn  from  P  to  the  point  of 
intersection  of  the  axes.  The  circuit  resistance  for  any 
point  can  be  at  once  read  off  from  a  curve  drawn  on 
squared  paper*  by  joining  the  point  to  the  origin  0,  and 
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-Determination   of   the   Critical   Resistance   from    the 
Characteristic  Curve  of  a  Series  Dynamo. 


noting  the   point   at   which   the   line   cuts   the   vertical 

through  1,     10,  or  100  amperes,  according  to  the  scale, 

and  dividing  the  voltage  by  the  current  for  that  point. 

Thus  in  Fig.  34,  O  P  cuts  the  10-ampere  line  at  a  point 

corresponding  to  16"  8  volts  ;    consequently  the  external 

resistance  is 

16"8 
—YcT  =  1'68  ohms. 


*This   construction    may   be   carried   out   as   described,   whether   the   volt   andi 
ampere  scales  are  the  same  or  not. 
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In  a  similar  manner  we  may  find  the  point  on  a 
characteristic  curve  (and  consequently  the  voltage  and 
current  given  by  the  dynamo)  corresponding  to  a  circuit 
of  any  given  resistance.  In  this  case,  to  reverse  the 
example  just  given,  let  it  be  required  to  determine  from 
the  characteristic  curve  the  current  and  voltage  of  the 
dynamo  when  supplying  a  circuit  whose  resistance  is 
1-68  ohms. 

On  the  vertical  line  through  10  amperes  mark  off  a 
point  at  a  height  r68  x  10  =  16' 8,  and  join  O  to  this 
point.  The  continuation  of  the  line  so  draA\ai  cuts  the 
curve  at  P.  The  dynamo  will  consequently  give  55 
amperes  at  93  volts  under  the  conditions  stated. 

If  the  resistance  of  the  external  circuit  is  so  high  that 
the  sloping  line  drawn  from  0  becomes  too  steep  to  cut 
the  curve,  there  will  be  no  point  on  the  characteristic 
fulfilling  the  necessary  conditions,  consequently  the 
dynamo  will  be  unable  to  excite  its  field,  and  the  critical 
resistance  is  exceeded. 

The  characteristic  of  a  series  dynamo  begins  from  0 
practically  as  a  straight  line.  Any  line  drawn  from  O 
making  a  greater  angle  with  0  X  than  this  initial  portion 
of  the  curve  will  fail  to  cut  the  curve,  and  will  represent 
by  its  inclination  an  external  resistance  greater  than  the 
critical  resistance  of  the  machine.  A  line  drawn  at  the 
same  inclination  as  this  portion  of  the  curve  will  coincide 
with  the  curve  for  some  length  ;  consequently,  with  a 
resistance  corresponding  to  this  inclination  in  the  external 
circuit,  the  dynamo  may  have  any  output  within  a  con- 
siderable range,  the  voltage  and  current  being  unstable. 
A  line  having  a  less  inclination  than  this  will  always  cut 
the  curve  at  one  definite  point,  and  will  thus  indicate  a 
resistance  through  which  the  dynamo  will  send  a  definite 
cmTent  at  a  definite  voltage. 

The  inclination  of  a  line  drawn  from  O,  and  having  the 
same  slope  as  the  initial  portion  of  the  characteristic 
curve,  will  therefore  represent  the  critical  external 
resistance  of  the  dynamo.  The  exact  value  of  this 
resistance  in  ohms  may  be  read  off  at  the  point  where  this 
line  cuts  the  vertical  through  1  or  10  amperes.  If  read  on 
the  10-ampere  line,  the  reading  must,  of  course,  be  divided 
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by  10.     In  the  curve  on  Fig.  34  the  critical  resistance  is 

45"5 
seen  to  be  — r^  =  4- 55  ohms.      If  the  dynamo  is  connected 

to  a  circuit  having  a  resistance  of  more  than  4-55  ohms, 
it  will  consequently  not  excite. 

Critical  Current. — In  dealing  with  the  conditions  for  self- 
excitation  of  a  series  dynamo,  we  may  consider  the  critical 
current  instead  of  the  critical  resistance  in  the  external 
circuit,  since  for  each  value  of  this  resistance  the  dynamo 
will  produce  a  definite  current,  corresponding  to  the  point 
at  which  the  resistance  line  cuts  the  characteristic  curve. 
When  connected  to  a  circuit  having  the  critical  resistance, 
however,  the  resistance  line  and  curve  coincide  for  some 
distance.  The  critical  current  is  then  the  maximum 
current  which  the  dynamo  will  send  through  this  resis- 
tance. The  critical  current  may  be  defined  as  follows  : 
The  critical  current  of  a  series-wound  dynamo  is  the 
least  amount  of  current  which  the  djrnamo  will  send 
through  a  circuit  without  losing  its  field  magnetisation. 

It  must  always  be  remembered  that  the  critical 
resistance  depends  upon  the  speed  of  the  machine,  and 
will  have  a  different  value  for  every  different  speed. 

As  already  pointed  out  (page  103),  the  effect  of  an 
alteration  of  speed  upon  the  characteristic  is  practically 
equivalent  to  a  change  of  the  vertical  scale  (of  volts)  or 
to  a  proportional  alteration  in  the  height  of  every  point 
on  the  curve,  if  the  scale  remains  the  same.* 

From  this  it  follows  that  the  resistance  of  the  external 
circuit  corresponding  to  any  point  on  the  curve  will  also 
be  increased  or  decreased  in  the  same  ratio  as  the  speed 
of  revolution.  This  must  also  apply  to  the  critical 
resistance,  which  therefore  changes  in  the  ratio  of  the 
speed.  Since  the  characteristic  maintains  its  general 
shape  irrespective  of  speed,  the  point  at  which  the  initial 
straight  part  ends  will  only  change  its  position  vertically 
with  change  of  speed,  and  the  critical  current  remains 
the  same. 

Putting  these  results  briefly — the  critical  resistance 
changes  in  proportion  to  any  change  of  speed,  while  the 
critical  current  remains  the  same  irrespective  of  speed. 

*  It  is  to  be  noted  that  this  applies  strictly  only  to  the  total  characteristic 
curve.  It  applies  very  nearly  also  to  the  external  characteristic  in  most 
machines,  since  the  voltage  lost  in  the  aimature  ami  fleiil  windings  is  usually 
very  small. 


CHAPTER  VII. 

Compound    Dynamo. 

From  the  curves  given  in  Figs.  25  and  30,  it  will  be 
seen  that  the  voltage  of  a  shunt-wound  dynamo  falls  as 
the  load  increases,  whereas  the  voltage  of  a  series-wound 
dynamo  rises  with  increased  loads. 

By  providing  the  magnets  with  a  composite  winding, 
consisting  of  partly  shunt  coils  and  partly  series  coils,  an 
approximately  uniform  voltage  at  ail  loads  may  be 
obtained. 

A  dynamo  provided  with  a  composite  winding  in  this 
way  is  called  a  compound-wound,  or  simply  compound 
dynamo. 

Since  the  variation  in  voltage  of  a  shunt  d_ymamo  is 
comparatively  small  at  loads  less  than  the  maximum 
working  current,  the  windings  of  a  compound  dynamo 
designed  to  give  constant  voltage  will  be  similar  to  those 
of  a  shunt  dynamo,  with  the  addition  of  a  comparatively 
few  series  turns  to  correct  the  slight  variation  which  would 
occur  in  a  dynamo  with  shunt  windings  only. 

Compounding  is  resorted  to  for  various  purposes.  In 
small  lighting  installations  it  is  desired  to  maintain  the 
voltage  as  uniform  as  possible  without  the  necessity  for 
an  attendant  to  be  constantly  regulating  the  field  when 
variations  in  load  occur. 

In  such  cases  the  variation  in  voltage  from  no-load  to 
full-load  should  be  as  small  as  possible,  and  the  windings 
should  be  proportioned  so  as  to  fulfil  this  condition. 

In  large  lighting  central  stations,  where  large  units 
are  employed,  and  variations  in  load  may  be  very  great, 
it  is  usual  to  employ  shunt  dynamos  and  to  regulate  the 
voltage  by  hand. 

In  traction  central  stations  the  variations  in  the  load 
are  so  rapid  that  it  would  be  almost  impossible  to  regulate 
the  voltage  efficiently  by  hand.     Also,  it  is  less  important 
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that  the  voltage  should  be  kept  at  exactly  the  same  value. 
Hence,  for  traction  work,  compound  machines  are  usually 
•employed,  since  they  automatically  adjust  their  voltage 
to  an  approximately  uniform  value  however  suddenly 
the  load  may  vary. 

Over-compounding. — In  some  cases  it  is  necessary  to 
maintain  a  constant  voltage  at  some  point  at  a  distance 
from  the  dynamo,  and  not  at  the  terminals  of  the  dynamo 
itself.  In  such  a  case  the  dynamo  will  be  required  to  give 
an  increased  voltage  at  high  loads  in  order  to  make  good 
the  loss  of  voltage  which  will  occur  in  the  conductors. 
For  example,  it  is  desired  to  maintain  a  constant  voltage 
at  a  certain  point  in  a  distribution  network.  The 
resistance  of  the  feeders  connecting  the  generator  to  this 
point  is  01  ohm.  The  loss  of  voltage  in  the  feeders 
when  the  dynamo  is  supplying  100  amperes  is  100  x  -1  =10 
volts,  and  consequently  the  dynamo  must  give  10  volts 
more  pressure  at  100  amperes  than  when  working  at  no 
load.  A  compound-wound  dynamo  in  which  the  series 
winding  produces  an  increased  voltage  at  higher  loads  is 
said  to  be  over-compounded. 

The  characteristic  of  such  a  dynamo  should  be 
approximately  a  straight  line  inclined  upwards  at  such  an 
angle  that  the  increase  in  voltage  at  any  point  upon  it  is 
equal  to  the  product  of  the  current  corresponding  to  that 
point  multiplied  by  the  resistance  of  the  conductor,  at  the 
far  end  of  which  the  voltage  is  to  be  kept  constant. 

Thus  at  any  point,  increase  of  voltage  =  current  x 
resistance  of  feeder. 

Consequently,  when  designing  a  winding  to  maintain 
a  constant  voltage  through  a  given  resistance,  the  slope 
of  the  characteristic  must  satisfy  the  condition 

increase  of  voltage        .  .  , 

T —  =  given  resistance. 

current  ^ 

The  points  satisfying  this  condition  will  lie  on  the 
sloping  line  which  the  characteristic  must  approximate 
to. 

If  the  characteristic  curve  is  drawn  so  that  voltage 
and  current  are  measured  on  the  same  scale,  the  fraction 

increase  of  voltage 
current 
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will  be  the  tangent  of  the  angle  which  the  line  satisfying 
the  above  condition  makes  with  the  horizontal.  In  this 
case  the  characteristic  should  satisfy  the  condition 

Resistance  =  tan.  a 

where  a  is  the  angle  which  the  characteristic  makes  with 
the  horizontal.  In  an  actual  machine  it  is  not  possible 
to  obtain  a  characteristic  which  is  a  straight  line. 

Lon^  and  Short  Shunts. — There  are  two  methods  of 
connecting  the  series  and  shunt  windings  of  a  compound 
d^Tiamo. 

A  long  shunt  dynamo  has  the  shunt  windings  con- 
nected in  parallel  with  the  armature  and  series  windings. 
In  a  short  shunt  machine  the  shunt  is  in  parallel  with  the 
armature  alone. 

In  Fig.  35  the  connections  are  shown  for  a  "  long 
shunt  "  and  "  short  shunt  "  dynamo  respectively. 


Short  Shunt.  Long  Shunt. 

Fig.  35.— Long  .\nd  Short  Shunt  Compound  Dynwmos. 

The  difference  between  the  two  methods  is  very  slight. 
The  voltage  at  the  ends  of  the  shunt  winding  will  be 
slightly  higher  at  full  load  if  connected  directly  to  the 
armature,  and  hence  the  excitation  will  be  slightly  more. 
'A  given  machine  will  therefore  give  rather  more  voltage 
at  heavy  loads  as  a  "  short  shunt  "  than  as  a  "  long 
shunt."  This  fact  is  sometimes  useful  as  a  means  of 
slightly  raising  or  lowering  the  voltage  of  a  machine  if  the 
relation  between  the  windings  does  not  give  exactly  the 
desired  voltage  regulation.  By  converting  a  long  shunt 
into  a  short  shunt,  the  voltage  at  heavy  loads  is  raised, 
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and  vice  versa.  In  conditions  frequently  occurring  in 
practice  the  shunt  winding  would  be  excited  from  bus- 
bars on  the  main  switchboard  maintained  practically  at  a 
constant  voltage.  The  dynamo  might  then  supply 
current  to  the  same  bus-bars,  or  might  be  connected  to 
an  independent  feeder  circuit,  so  that  the  shunt  excitation 
would  be  independent  of  variations  of  the  dynamo 
voltage. 

Characteristic  Curve  of  a  Compound  Dynamo. — The  method 
of  determination  of  the  characteristic  curve  for  a  com- 
pound dynamo  is  very  similar  to  that  already  described 
for  a  shunt  dynamo, 

Experiment  XII. — Determination  of  the  Characteristic 
Curve  of  a  Compound- wound  Dynamo. 

Diagram  of  Connections. 


-JVWW 
R 


*FiG.  3G.— Diagram  of  Connections  for  taking  Compovxd  Characteristic. 

D  Dynamo  armature. 

F  Dynamo  field  shunt  windings. 

Fj  Dynamo  field  series  windings. 

R  Adjustable  resistance  for  varying  the  load. 

A  Ammeter  for  measuring  load  current. 

V  Voltmeter  for  measuring  dynamo  voltage. 

S  Switch  for  breaking  main  circuit. 

Connections. — See  that  the  shunt  winding  is  connected 
to  both  brushes  of  the  dynamo,  and  the  series  winding  to 
one  brush  and  in  series  with  the  load  circuit. 


*The  dynamo  is  shown  here  connected  in  "  sliort-shunt."    For  the  alternative 
method  of  connecting  sea  Fig.  35. 
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Connect  the  other  brush  and  the  free  end  of  the  series 
winding  to  a  variable  resistance,  including  in  the  circuit 
an  ammeter  and  switch.  Connect  a  voltmeter  to  the 
dynamo  terminals. 

Instructions. — Take  the  first  reading  with  the  switch  S 
open,  and  the  load  nil. 

Increase  the  load  gradually  by  closing  the  switch  and 
decreasing  the  resistance  R. 

For  each  value  of  the  load  regulate  the  speed  to  its 
normal  value,  then  read  the  ammeter  A,  and  voltmeter  V. 
Small  variations  in  speed  may  be  corrected  for  by  assum- 
ing the  voltage  and  speed  to  vary  in  the  same  ratio,  as 
described  in  detail  on  page  70.  Then  take  a  similar 
series  of  readings  while  decreasing  the  load. 

The  machine  should  be  run  for  some  time  before 
readings  are  taken,  to  avoid  errors  due  to  alteration  in 
the  resistance  of  the  windings  as  they  become  heated. 

Throughout  the  experiment  the  position  of  the  brushes 
should  be  adjusted  so  as  to  prevent  sparking. 

After  completing  the  readings,  and  while  the  windings 
are  still  hot,  determine  the  resistance  of  the  armature  and 
field  windings,  as  described  in  Experiments  I.  to  III. 

Results  should  be  entered  as  follows  : — 

DETERMINATION  OF  CHARACTERISTIC  CURVE  OF  A 
COMPOUND   DYNAMO. 

Observer Date 

Dynamo  No Type     

Normal  output volts amps.,  at revs,  per  min. 

Resistance  of  armature  (hot)  ohms. 

Resistance  of  shunt  field  windings  (hot) ohms. 

Resistance  of  series  field  windings  (hot)  ohms. 


Load  Current. 

Revolutions 
per 

Minute. 

Voltage. 

Ammetef  No 

Voltmeter  ^ 
Constant   ... 

[o 

Constant 

Reading. 

True  Value. 

Reading. 

True  Value. 
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Plot  a  curve  showing  the  dependence  of  voltage  upon 
load,  plotting  current  horizontally  and  voltage  vertically. 

The  curve  drawn  as  a  full  line  in  Fig.  37  is  given  as 
an  example  of  a  characteristic  obtained  from  a  short 
shunt  2J  kw.  compound-wound  dynamo.  The  curve 
slopes  upwards  at  first,  since  the  magnets  are  unsaturated 
and,  consequently,  the  permeability  of  the  iron  circuit 
is  high.  The  increase  in  exciting  current  in  the  series 
coils  produces  a  relatively  large  increase  in  the  strength 
of  field.  As  the  fields  become  saturated,  the  permeability 
falls,  and  an  increase  in  magnetising  force  produces  a 
smaller  effect.  The  losses  of  voltage  due  to  armature 
reactions  are  consequently  not  entirely  counterbalanced 
by  the  increase  of  excitation,  and  the  curve  gradually 
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Fig.  37. — Characteristic  of  Compound  Dvnamo. 


20 


falls  again.  It  is  usual  to  adjust  the  windings  so  that  the 
machine  gives  its  normal  voltage  at  '"no  load  "  and 
"  full  load."  It  will  then  give  a  slightly  higher  voltage 
between  these  limits,  and  a  lower  voltage  above  full  load. 
In  order  to  obtain  the  minimum  variation  from  the 
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normal  voltage,  the  no-load  and  full-load  voltage  must 
be  taken  slightly  below  the  normal. 

Total  Characteristic. — The  method  of  obtaining  the 
total  or  internal  characteristic  from  the  experimentally- 
obtained  external  characteristic  curve,  is  a  combination 
of  the  methods  already  described  in  the  case  of  the  shunt 
and  series  characteristics,  since  current  will  be  spent  in 
the  shunt  field  winding,  and  voltage  will  be  lost  in  the 
series  coils  and  armature  conductors. 

In  the  case  of  a  compound  dynamo  connected  in  long 
shunt,  the  construction  given  on  page  89  for  obtaining 
the  total  characteristic  of  a  shunt  dynamo  may  be 
followed  exactly,  except  that,  instead  of  the  armature 
resistance,  the  resistance  of  the  armature  and  series 
winding  together  must  be  substituted  in  every  case. 

If  the  machine  is  connected  in  short  shunt,  the 
armature  current  will  be  the  sum  of  the  exciting  current 
and  the  main  current,  while  the  current  in  the  series 
field  winding  is  the  main  current  only.  As  the  shunt 
current  is  always  small  compared  with  the  main 
current,  the  error  introduced  by  supposing  the  same 
current  to  flow  through  both  the  armature  and  series 
winding  is  usually  small  enough  to  be  negligible.  The 
error  makes  the  loss  of  voltage  appear  slightly  too  high 
by  a  small  constant  quantity  throughout,  since  the 
shunt  current  is  practically  constant. 

In  Fig.  37  the  total  characteristic  is  shown  as  a  dotted 
line  above  the  external  characteristic. 

Determination  of  Compound  Windings. — A  most  important 
problem  in  connection  with  compound  dynamos  is  the 
determination  of  the  number  of  series  turns  necessary  to 
maintain  the  dynamo  voltage  at  a  given  value  at  all  loads. 
The  windings  may  be  approximately  calculated  previous 
to  the  construction  of  the  machine,  but  the  exact  number 
of  turns  is  usually  settled  by  an  actual  experiment  on 
each  machine. 

The  compound  winding  can  never  be  made  to  give  an 
absolutely  constant  voltage  at  all  loads  for  the  reasons 
discussed  below. 

Referring  to  the  characteristic  curve  of  a  shunt 
^ijmamo.  Fig.  25,  page  85,  it  will  be  seen  that  the  first  part 
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of  the  curve  is  a  fairly  straight  Hne  sloping  downwards. 
Later  on  the  curve  drops  more  decidedly.  In  order  to 
maintain  the  voltage  constant,  the  series  winding  must 
therefore  strengthen  the  field  by  a  uniformly  increasing 
amount  at  first,  and  by  a  more  rapidly  increasing  amount 
as  the  load  increases  further.  The  magneto-motive  force 
of  the  series  winding,  however,  is  always  proportional  to 
the  current  flowing  in  it,  i.e.,  proportional  to  the  load  of 
the  d3mamo.  If  the  increase  in  the  strength  of  field  can 
be  made  to  be  proportional  to  the  increase  in  magneto- 
motive force,  then,  by  choosing  the  right  number  of 
series  turns,  the  dynamo  voltage  can  be  kept  constant 
for  such  variations  of  load  as  occur  within  the  straight 
portion  of  the  shunt  characteristic  ciu-ve.  Within  this 
limit  the  armatm-e  reactions  produce  a  fall  of  voltage 
approximately  proportional  to  the  load,  and  the  rein- 
forcement of  the  field  by  the  series  coil  will  also  be  pro- 
portional to  the  load. 

In  order  that  the  increase  in  field  strength  shall  be 
proportional  to  the  magneto-motive  force  of  the  series 
winding,  the  magnetic  density  in  the  circuit  of  the 
machine  should  be  so  chosen  that  the  shunt  winding  alone 
is  sufficient  to  carry  the  magnetisation  just  over  the 
bend  (see  Fig.  11,  page  40).  The  effect  of  the  series  coils 
will  then  produce  a  strengthening  of  the  field  approxi- 
mately proportional  to  the  amount  of  current  flowing  in 
them. 

At  the  point  where  the  shunt  characteristic  falls  below 
the  straight  line  forming  its  first  part,  the  fall  of  voltage 
due  to  armature  reaction  increases  at  a  greater  rate  than 
the  load,  and,  since  the  series  excitation  only  increases  in 
proportion  to  the  load  current,  there  will  be  a  fall  of  the 
terminal  volts. 

Since  it  is  usually  necessary  to  limit  the  fall  of  voltage 
at  full  load  to  a  fixed  amount,  it  becomes  frequently 
necessary  to  employ  more  series  turns  than  are  sufficient 
to  maintain  the  voltage  constant  at  light  loads.  The 
characteristic,  therefore,  rises  at  first,  and  then  becomes 
level  for  a  time,  and  finally  tends  downwards  as  the  load 
approaches  its  maximum  value. 

Calculation  of  Scries  Winding. — Having  obtained  the 
magnetisation  curve  and  characteristic  of  a  shunt-wound 
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or  separately  excited  dynamo,  it  is  a  very  simple  matter 
to  calculate  the  number  of  series  windings  required  to 
keep  the  voltage  at  any  given  value  at  any  given  load. 

An  example  in  connection  with  curves  given  above 
will  serve  to  make  the  method  of  procedure  clear. 

The  curve  shown  in  Fig.  16,  page  61,  shows  the  fall  of 
voltage  produced  by  armature  reactions  in  a  dynamo 
excited  from  a  source  of  constant  electromotive  force. 

Let  it  be  desired  to  determine  the  number  of  series 
turns  which  must  be  added  to  the  field  of  the  machine  in 
order  to  make  the  voltage  at  20  amperes  the  same  as  is 
no  load. 

Let  Fig.  14,  page  48,  be  the  magnetisation  ciu've 
determined  for  the  same  machine. 

With  a  load  of  20  amperes  at  constant  excitation  the 
loss  of  voltage  is  16  volts  (see  Fig.  16). 

From  the  magnetisation  curve  (Fig.  14)  it  is  seen  that 
the  exciting  current  corresponding  to  the  no-load  voltage 
of  120-5  is  r07  amperes.  This  corresponds  to  2,800  : 
1-07  ampere  turns  =  2,996  ampere  turns.  In  order  to 
increase  the  voltage  by  16  volts  it  would  be  necessary 
(see  Fig.  14)  to  increase  the  exciting  current  to  1-425 
amperes,  producing  a  magnetising  force  of  3,990  ampere 
turns — an  increase  of  994  ampere  turns.  This  increase 
in  ampere-turns  must  be  produced  by  a  current  of  20 
amperes  in  the  series  winding,  wliich  must  consequently 

994 
have  -^  =  50  turns. 

Although  the  no-load  magnetisation  curve  is  generally 
used  for  the  calculation  just  described,  it  would  really  be 
more  accurate  to  use  the  load  magnetisation  curve 
(see  Fig.  21,  page  78),  and  the  latter  curve  should  be 
used  if  it  has  been  taken.  On  account  of  the  greater 
difificulty  in  obtaining  the  magnetisation  curve  under 
load  it  is  the  practice  in  may  cases  to  take  the  no-load 
curve  only,  and  to  base  the  calculations  on  this.  The 
slope  of  the  two  curves  is  nearly  the  same  in  the  working 
region. 

The  results  of  such  a  calculation  based  upon  curves 
taken  on  any  particular  machine  should  give  sufficiently 
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:accurate  results.  Where  tests  of  the  machine  have  not 
been  previously  made,  or  when  the  results  of  experiments 
made  on  a  single  machine  are  taken  as  applying  to  a 
number  of  similar  machines,  the  final  adjustment  of  the 
number  of  windings  is  made  after  trial  of  the  machine. 
A  few  extra  series  windings  are  wound  on  to  the  magnets, 
and  the  superfluous  ones  are  removed  as  found  necessary 
after  the  machine  has  been  run  up  to  full  load,  until  the 
■voltage  is  brought  dowTi  to  the  required  value. 

Another  practice  adopted  in  some  shops  is  to  wind  the 
machine  only  with  the  shunt  coils  at  first,  and  during  the 
test  to  wrap  a  number  of  turns  of  insulated  cable  roughly 
round  the  magnets,  to  serve  as  a  temporary  series  winding. 
This  winding  may  be  supplied  with  the  current  of  the 
machine  itself,  or  from  a  separate  source,  such  as  an 
accumulator  battery.  The  number  of  extra  ampere- 
turns  required  to  make  the  dynamo  give  its  required 
voltage  is  thus  found  by  trial,  the  permanent  winding 
being  added  afterwards  in  place  of  the  temporary  coils  of 
cable. 

Another,  and  simpler,  method  of  obtaining  the  correct 
number  of  series  windings  to  maintain  a  constant  voltage 
is  to  make  use  of  results  obtained,  as  in  Experiment  VII. 
(page  73).  The  reciuired  number  of  turns  may  be  taken 
from  the  results  of  this  experiment  as  plotted  in  Fig.  20 
(page  75). 

In  order  to  determine  the  number  of  series  windings 
necessary  to  enable  the  machine  to  give  the  same  voltage 
at  full  load  as  at  no  load,  take  from  the  curve  (Fig.  20) 
the  number  of  ampere-turns  required  at  full  load  to 
maintain  the  required  voltage.  Subtract  from  this 
number  the  ampere-turns  at  no  load.  The  difference 
gives  the  ampere-turns  to  be  supplied  by  the  series  winding. 
Dividing  this  number  of  ampere-turns  by  the  current, 
we  obtain  the  number  of  turns  required. 

Making  use  of  the  curve  on  page  75,  let  it  be  desired 
to  keep  the  voltage  at  no  load  and  at  a  load  of  20  amperes 
at  100.  At  no  load  the  required  ampere-turns  are  seen  to 
be  -79x2,826=2,233  ampere-turns.  These  will  be  pro- 
vided by  the  ordinary  shunt  winding  of  the  machine. 
At  20  amperes  load  the  number  necessary  is  found  to  be 
•937    X   2,826   =  2,648  ampere-turns. 
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Hence  increased  ampere-turns  required 

=   2,648 — 2,233    =  415  ampere-turns. 
These  will  be  provided  by  the  series  winding  when 
carrying  20  amperes,  and  the  number  of  turns  required 


is  therefore 


415 
20 


or  21  turns. 


The  last  method  of  determining  experimentally  the 
number  of  compound  turns  is  undoubtedly  the  most 
reliable  and  the  most  easily  carried  out.  It  is  often 
known  as  the  "  compounding  test  "  of  a  machine. 

Rtjnning  Dynaimos  in  Parallel, 

At  times  it  is  necessary  to  couple  two  or  more  djmamos 
in  parallel  in  order  that  they  may  supply  the  same  bus- 


SWITCH 


-  BUS  BAR 


Fig.  38.— Connections  for  Parallel  Running  of  two  Shunt 
Generators. 

bars.  Provided  that  the  machines  give  the  same 
electromotive  force,  all  that  is  required  is  to  make  the 
necessary  connections. 

Shunt  Dynamos. — The  diagram.  Fig.  38,  shows  the 
necessary  connections  to  the  switchboard.  When  it  is 
desired  to  switch  a  second  machine  in  parallel  with  one 
which  is  already  supplying  current  to  the  bus-bars,  the 


COMPOUND    DYNAMO.  119 

second  machine  is  run  up  to  speed  with  the  main  switches 
open.  After  full  speed  is  attained,  the  voltage  is  regulated 
by  means  of  the  shunt  regulator  until  it  is  equal  to,  or  very 
slightly  below,  that  of  the  bus-bars.  The  main  switches 
are  then  closed,  and  by  taking  resistance  out  of  the  shunt 
circuit  the  new  machine  may  be  made  to  take  its  proper 
share  of  the  load.  In  order  to  disconnect  a  machine  from 
the  bus-bars,  its  excitation  is  gradually  decreased  until  it 
is  found  to  be  giving  very  little  current.  It  is  then 
switched  out  by  opening  the  main  switch. 

By  varying  the  exciting  current  the  machines  may 
be  made  to  share  the  load  in  any  desired  proportion. 

In  running  two  machines  in  parallel  for  the  first  time, 
or  in  case  any  reversal  of  polarity  is  to  be  feared,  the 
following  method  may  be  used  to  insure  the  correct 
polarity  of  the  additional  machine.  Lift  the  brushes 
of  the  incoming  machine,  close  the  main  switches,  and 
gradually  cut  out  the  shunt  regulating  resistance.  After 
reinserting  the  shunt  resistance,  open  the  switches,  put 
down  the  brushes,  and  run  the  machine  up  to  full  speed. 
Adjust  the  voltage  and  switch  in  as  described  above. 

Care  should  be  taken  that  machines  are  neither 
switched  on  or  off  when  giving  heavy  currents,  as  this  is 
bad  both  for  the  switch  and  for  the  commutator  of  the 
machine.  If,  for  instance,  the  automatic  circuit 
breaker  opens  owing  to  a  short  circuit  or  overload,  it 
should  not  be  replaced  until  the  branch  circuit  switches 
on  the  board  have  been  opened.  After  the  main  cut- 
out is  closed,  the  branch  circuits  should  be  put  in  one  by 
one. 

In  the  case  of  a  shunt  machine,  if  the  voltage  should 
fall  so  that  current  flowed  from  the  bus-bars  to  the 
armature,  the  fields  would  still  receive  current  in  the  same 
direction  as  before,  and  the  machine  would  run  as  a  motor 
in  the  same  direction. 

To  prevent  the  possibility  of  one  machine  "  motoring," 
the  automatic  cut-out,  which  is  intended  as  a  protection 
against  overload,  is  often  arranged  so  as  to  act  also  as  a 
reverse  current  cut-out,  which  breaks  the  circuit  if  the 
current  in  the  armature  circuit  should  be  reversed. 

Compound  Dynamo. — The  method  of  connection  to 
the  switchboard  is  shown  on  the  diagram,  Fig.  39. 
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In  the  case  of  machines  having  a  series  winding  on  the 
field,  there  is  danger  of  the  field  polarity  being  reversed  if 
current  should  be  sent  in  a  reverse  direction  through  the 
armature.  This  might  occur  if  any  machine  gave  a  lower 
voltage  than  that  of  the  bus-bars.  This  might  be  the 
case  on  first  switching  in,  or  in  ordinary  working  owing 
to  unequal  speed  in  the  operation  of  the  governors  of  the 
engines,  or  owing  to  want  of  similarity  in  the  charac- 
teristic curves  of  the  various  generators  causing  the 
relative  voltage  of  the  various  machines  at  different  loads 
not   to    be  identical.     In  order  to   avoid  the  possibility 


Fig.  39.— Connections  fur  Parallel  Running  of  two  Compound 
Generators. 

of  this  occurrence,  an  additional  connection  is  made- 
between  the  machines  in  such  a  way  that  a  reverse 
current  would  flow  through  the  armature  only,  and 
not  through  the  series  winding.  The  reverse  current 
would  only  drive  the  machine  having  the  lower 
voltage  as  a  motor  in  its  normal  direction.  The  con- 
nection is  usually  made  as  shown  on  the  diagram  by 
providing  a  third  bus-bar  or  "  equalising  bar  "  on  the 
switchboard,  to  which  each  incoming  machine  is  connected 
before  the  main  switches  are  closed.  Two  methods  of 
connecting  the  machine  voltmeters  are  shown.  The 
connection  shown  in  full  line  is  the  one  usually  adopted. 
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The  alternative  connection  shown  by  a  dotted  line  has 
the  advantage  that  the  voltage  of  a  machine  which  is  being 
run  preparatory  to  switching  on  to  the  bus-bars  can  only 
be  read  after  the  equalising  switch  has  been  closed. 
This  insures  that  the  attendant  will  close  the 
equalising  switch  in  order  to  read  his  voltage  before  closing 
the  main  switches.  With  this  connection  it  is  well  to 
have  a  voltmeter  switch,  since  otherwise  one  pole  of  a 
stationary  machine  is  always  connected  to  the  bus-bars 
through  the  voltmeter. 

Always  close  the  equalising  switch  first  on  connecting 
an  incoming  machine  to  the  bus-bars. 

Always  open  the  equalising  switch  last  on  switching 
out  a  machine  from  the  switchboard. 


CHAPTER    VIII. 

Effect  of  Current  in  the  Motor  Armature. 

Cause  of  Rotation  of  the  Armature. — When  current  is  sent 
through  the  armature  of  a  2-pole  motor  from  the 
positive  to  the  negative  brush,  it  divides  and  flows  along 
the  two  parallel  circuits  formed  by  the  conductors^  on 
each  side  of  the  armature.  The  effect  of  these  parallel 
currents  is  to  make  the  armature  act  as  if  magnetised  with 
a  north  and  south  pole  respectively  at  the  ends  of  the 
diameter  obtained  by  joining  the  conductors  connected 
to  the  brushes.  (See  Fig.  40,  which  should  be  compared 
with  Fig.  17,  page  62,  dra^\Ti  for  a  dynamo.) 

With  the  brushes  in  their  normal  position,  the  mag- 
netic axis  of  the  armature  will  be  perpendicular  to  the 
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Fig.  40.— Diagram  of  armature  currents  in  a  motor.* 

main  field  of  the  motor.  The  north  pole  formed  in  the' 
armature  will  therefore  be  attracted  by  the  south  pole 
of  the  field  magnets,  and  tend  to  produce  rotation  of  the 
armature.  The  same  action  will  take  place  between  the 
south  pole  of  the  armature  and  the  north  pole  of  the  field. 
The  brushes  remain  in  the  same  position,  and  transmit 
current  to  conductors  situated  in  the  same  position, 
irrespective  of  the  rotation  of  the  armature.  The 
position  of  the  poles  formed  in  the  armature  depends 

*See  footnote  on  page  63. 
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solely  on  the  position  of  the  brushes  and  is,  therefore, 
always  the  same  relatively  to  the  field,  and  the  rotation 
is  continuous. 

Torque  of  a  Motor. — Torque  is  the  term  usually  employed 
to  express  the  turning  effort  exerted  on  the  shaft  by  the 
motor  armature.  In  British  units,  torque,  or  turning 
moment,  is  measured  in  pound-feet,  i.e.,  in  terms  of  a 
pull  of  a  certain  number  of  pounds  exerted  at  a  radius  of 
1ft.  from  the  centre  of  the  shaft  and  tending  to  turn  the 
shaft. 

In  a  motor  this  effort  will  be  due  to  the  action  of 
the  magnetic  poles  formed  in  the  armature,  by  the 
armature  current,  upon  the  fixed  poles  of  the  motor. 
The  torque  is  proportional  to  the  product  of  the  strengths 
of  the  poles  which  act  upon  each  other,  and  depends  only 
on  the  strength  of  the  armature  current,  and  the  strength 
of  the  field  in  a  given  motor. 

In  the  case  of  a  motor  having  a  constant  field,  the 
torque  is  given  by  the  formula 

Torque  (in  Ib.ft.)  =  ^.^^  '  ^^, 

Where  N  =  number  of  armature  conductors. 

F  =  number  of  lines  of  force  in  the  main  field. 
C  =  armature  current. 

For  a  motor  with  constant  field  the  torque  is  proportional 
to  the  current,  and  independent  of  the  speed,  since  speed 
does  not  enter  into  the  expression. 

If  the  field  varies  (as  in  a  series  motor)  the  torque  will 
increase  or  decrease  in  proportion  to  the  variation  of  the 
strength  of  field  and  of  the  armature  current  jointly. 

Counter  Electromotive  Force. — In  construction,  a  motor 
is  similar  to  a  dynamo.  It  follows  that  the  rotation  of  its 
armature  in  the  magnetic  field  of  force  of  its  magnets  will 
produce  an  electromotive  force  in  the  same  manner  as  in 
a  dynamo.  The  direction  of  this  electromotive  force 
will  always  be  such  as  to  oppose  the  electromotive  force 
of  the  source  of  power  producing  the  rotation.  For  this 
reason  it  is  called  the  counter  electromotive  force  of 
rotation,  or  the  back  electromotive  force. 
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The  formula  given  on  page  31  for  the  electromotive 
force  induced  in  the  armature  of  a  dynamo  applies 
equally  in  this  case. 

Back  electromotive  force  =  V^ 
_  rate  of  cutting  magnetic  lines  N.n.F. 

^'  W  ^  60  X  10'  <  p 

Wliere 

N  =  number    of  conductors   on    the    circumference  of 

the  armature. 
n  =number  of  revolutions  of  the  armature  per  minute. 
F  =number  of  magnetic  lines  cut  b}^  the  conductors. 
p  ==number  of  pairs  of  magnet  poles  in  the  motor.* 

Thus  there  exist  two  electromotive  forces  in  the- 
armature  of  a  motor,  acting  in  opposite  directions,  viz., 
the  electromotive  force  of  the  source  of  supply  applied  to 
the  motor  to  produce  rotation,  and  the  back  electro- 
motive force  produced  in  the  motor  armature  by  its 
rotation. 

It  is  the  difference  between  these  electromotive  forces 
which  produces  the  current  flowing  in  the  armature. 
This  current  is  numerically  equal  in  magnitude  to  the 
unbalanced  electromotive  force,  divided  by  the  resistance 
of  the  armature  circuit  through  which  it  flows. 

Let  V  =  voltage  at  which  current  is  supplied  at  the 
motor  terminals. 
Fjj  =  back  electromotive  force  generated  in    the 

motor  armature  by  its  rotation. 
B    =  resistance  of  the  armature  measured  from 

terminal  to  terminal. 
C    =  current  flowing  through  the  armature. 
Then  from  what  has  just  been  said 
F V 

The  amount  of  power  given  to  the  motor  measured 
in  watts  is  given  by  the  equation  f 

Watts   given   to   motor   =  W  =  C.V.   =  V  -^— d"^. 

*If  the  armature  of  a  multipolar  motor  is  series  connected  and  provided  with^ 
a  single  pair  of  brushes,  the  factor  p  must  be  omitted  in  the  formula.  (See  foot- 
note, page  31.) 

tThis  leaves  out  of  consideration  the  small  constant  current  taken  by  thfr 
field  windings. 
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This  is  the  power  spent  in  overcoming  the  frictional  and 
other  losses  in  the  motor  and  in  doing  useful  work. 

Any  decrease  in  the  back  electromotive  force  must 
produce  an  increase  in  the  armature  current.  Similarly 
an  increased  back  electromotive  force  is  always  followed 
by  a  decreased  armature  current. 

The  back  electromotive  force  may  be  varied  in  either 
of  two  ways,  viz.,  by  altering  the  speed  of  rotation,  or  by 
altering  the  strength  of  the  field  in  which  the  armature 
rotates.  The  latter  case  is  considered  later  under  the 
heading  of  "  Methods  of  Speed  Variation."  (See  pages 
128  and  seq.) 

A  decrease  in  speed  produces  a  smaller  back  electro- 
motive force,  and,  therefore,  an  increase  in  the  current 
and  power  given  to  the  motor.  Thus  an  increase  in  the 
load  applied  to  the  shaft  of  the  motor  automatically 
produces  an  increase  in  the  driving  power  by  reducing  the 
speed  and  back  electromotive  force  of  the  armature,  and 
thereby  increasing  the  current  taken. 

The  current  will  heat  the  armature  and  produce  a 
waste  of  power  of  C'R  watts. 

Now  C'R   =  C  ^~J''  R   ^  C  (P— FJ 

.  ■  .  power  wasted  in  armature  conductors  =  C  {V — Vy). 

Also  power  supplied  to  motor   =  C  V. 

Hence  power  spent  in  driving  shaft  =  CV  —  C  { V — Fj,} 

=  CF, 

That  is,  the  product  of  current  and  back  electromotive 
force  represents  the  useful  output  of  the  armature. 
Also  the  electrical  efficiency  of  the  armature 

_     useful  watts    _  C  V^  _  V^ 
watts  supplied       C  V       V 

i.e.,   the  ratio  of  the   back  electromotive  force   to   the 
electromotive  force  applied  to  the  motor. 

Methods  of  Field  Excitation. — As  in  the  case  of  dynamos, 
motors  may  be  classified  according  to  the  method  adopted 
for  supplying  current  to  their  field  windmgs. 
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In  a  shunt  motor  the  exciting  circuit  and  armature 
circuit  are  connected  in  parallel  to  the  supply  mains,  and 
the  amount  of  current  flowing  in  the  armature  and  field 
can  be  independently  regulated,  since  armature  and 
field  are  independently  supplied. 

In  a  scries  motor  the    armature    and    field    coils    are 
connected  in  series  with  each  other  to  the  mains. 
The  same  current  therefore  flows  through  both.f 

Compound  Motors  have  both  series  and  shunt  windings 
on  their  magnets,  so  that  the  excitation  is  partly  constant 
and  dependent  only  upon  the  supply  voltage,  and  partly 
depends  upon  the  armature  current.  These  motors  are 
discussed  more  fully  in  the  next  chapter. 

Starting  Switch. — As  just  explained,  the  amount  of 
current  taken  by  a  motor  depends  upon  the  back  electro- 
motive force  produced  in  its  armature.  The  back  electro- 
motive force  is  proportional  to  the  speed  of  rotation,  and 
will  be  zero  when  the  motor  starts  from  rest.  If  the 
armature  of  a  stationary  motor  were  connected  directly 
to  the  supply  mains,  the  strength  of  the  armature  current 
would  be  exceedingly  high,  and  would  be  quite  high 
enough  to  injure  the  armature  insulation. J 

It  is,  therefore,  invariably  the  practice  to  start  motors 
from  rest  by  means  of  a  special  starting  switch  which 
is  so  arranged  that  on  starting,  the  armature  is  first 
connected  to  the  supply  source  through  a  resistance 
sufficiently  high  to  reduce  the  current  to  a  safe  value. 
By  moving  the  switch  handle  slowly  through  several 
positions,  the  resistance  in  series  with  the  armature  is 
gradually    diminished  as  the  motor  speed  and  the  back 

tin  special  cases  a  variable  shunt  resistance  is  provided  in  parallel  with  the 
series  winding,  by  means  of  wliich  the  proportion  of  the  armature  .current 
flowing  through  the  magnet  windings  may  be  varied.  Some  of  the  armature 
current  can  be  made  to  flow  tlirough  tlie  shunt  resistance  instead  of  the  magnet 
coils.  In  other  cases  the  number  of  coils  in  circuit  is  made  to  vary,  so  that  the 
strength  of  field  produced  by  a  given  current  may  be  controlled. 

t  For  example,  a  40  h.p.  shunt-wound  motor  had  an  armature  resistance  of 
•0167  ohm.  When  working  at  full  load  the  current  in  the  armature  was  300 
amperes  at  110  volts.    If  connected  directly  to  the  mains  in  order  to  start  the 

motor  from  rest,  the  current  at  starting  would  have  been  — — -  —  6,600  amperes. 

'OiD/ 

This  is  22  times  the  full-load  current  for  which  the  motor  was  designed.  The 
maximum  current  should  not  exceed  twice  tlie  normal  full-load  current  for  fear 
of  injury  to  the  armature  insulation.  For  starting  the  above  motor  a  resistance 
of   -2   ohm    was   inserted   in   the   circuit   by   the   starting   switch.    The   maximum 

starting  current  was  therefore  -— -  —  500  amperes  approximately, 
'liifa/ 
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electromotive  force  of  the  armature  increase.  In  the 
final,  or  running,  position  of  the  switch  the  resistance  is 
entirely  cut-out,  so  that  the  armature  current  then 
depends  on  the  back  electromotive  force  of  the  motor 
alone. 

In  the  case  of  a  shunt  motor  it  is  essential  that  the 
magnets  should  always  be  excited  when  the  armature 
receives  current,  in  order  that  they  may  act  upon  the 
armature  and  produce  rotation.  This  is  usually 
accomplished  by  the  addition  of  a  sector  to  the  switch, 
as  sho\^ai  on  Fig.  41,  where  the  connections  between  the 
switch  and  motor  are  also  indicated.  In  the  position 
shown  on  the  diagram  the  switch  is  '"  off,"  and  no  current 
passing.     When  moved  round,  the  switch  first  completes 
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Fig.  41.— Motor-starting  Switch. 

the  circuit  through  the  motor  field  winding,  and  the 
resistances  9\,  n  made  of  fine  wires. §  The  next  positions 
of  the  handle  cut  out  these  resistances  and  connect  the 
motor  field  winding  direct  to  the  supply  mains. 

After  this  the  armature  is  connected  to  the  mains 
through  the  resistances  7\,  7\,  r.,  r^,  r-.  These  resistances 
are  successively  cut  out,  until  when  the  switch  handle  is 
in  the  extreme  position  to  the  right,  both  armature  and 
field  are  connected  directly  to  the  supply  mains. 

§  The  purpose  of  these  resistantes  is  to  lessen  the  strong  rush  of  current 
which  occurs  when  niakino;  or  l)reaking  the  field  circuit  on  account  of  its  high 
self-induction.    These  resistances  are  omitted  in  small  motor-starting  switches. 
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The  switch  handle  should  be  moved  "  on  "  slowly  to 
allow  the  motor  to  gather  speed  between  each  position. 
It  should  be  moved  "  off  "  quickly,  so  as  to  break  the 
current  while  the  motor  speed  is  still  high  and  the 
armature  current  low. 

The  starting  resistance  has  three  terminals.  (See 
Fig.  41.) 

/',  connected  to  the  field  sector,  often  marked  "  Field." 

a',  connected   to    the    end    of   the    armature    circuit 

resistance,     often     marked      "  Armature "     or 

"  Motor." 

c\  connected    to    the    switch   lever,  usually  marked 

"  Line  "  or  "  Main." 

In  a  shunt  motor  one  end  of  the  field  winding  remains 
permanently  connected  to  one  of  the  brushes.  The 
motor  has  then  three  free  terminals  : — 

a  connected  to  one  of  the  brushes. 

/  connected  to  the  shunt  winding. 

c  connected  to  the  other  brush  and  the  shunt  winding. 

When  connecting  up  a  motor  to  the  mains  through  a 
starting  switch,  join  /'  to  /  ;  also  a  to  a  (with  a  stouter 
wire),  and  then  connect  the  terminals  c,  c',  of  the  switch 
and  motor  to  the  mains.  A  common  mistake  with 
inexperienced  or  careless  operators  is  to  interchange  the 
connections  to  a'  and  c'  on  the  starting  switch  ;  this 
weakens  the  field  at  starting,  since  the  field  as  well  as  the 
armature  is  supplied  through  the  resistances  r^,  r^,  &c., 
and  causes  the  motor  to  start  at  a  high  speed,  the  current 
becoming  excessive  as  the  resistance  is  cut  out  by  moving 
the  switch  handle. 

The  starting  switch  for  a  series  motor  is  similar  to 
that  described  above,  except  that  the  separate  terminal 
and  sector  for  the  field  are  omitted.  (For  connections 
see  Fig.  49,  page  153.) 

Motor  Speed  Regulation. — The  force  tending  to  turn 
the  shaft  of  a  motor  is  due  to  the  attraction  between  the 
poles  induced  in  the  armature  by  the  current  flowing  in 
its  conductors  and  the  poles  of  the  main  field,  as  already 
explained.  The  amount  of  this  torque  or  turning 
moment  is  proportional  to  the  strength  of  the  poles 
which  attract   each   other.     The   strength   of   the  main 
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magnet  poles  is  approximately  constant  so  long  as  the 
magnetising  current  is  unchanged.  The  strength  of 
the  poles  formed  in  the  armature  is  nearly  proportional 
to  the  armature  current.  Hence,  with  a  constant  field, 
the  torque  exerted  by  the  motor  shaft  is  approximately 
proportional  to  the  current  flowing  in  the  armature.  If 
the  main  field  is  weakened,  the  armature  current  will 
have  to  increase  in  order  to  maintain  the  same  torque  as 
before. 

Speed  Regulation  by  Alteration  of  the  Field  Strength. — 
Suppose  a  motor  to  run  with  a  constant  load  applied  to  its 
shaft,  and  constant  voltage  applied  at  its  terminals.  The 
motor  will  run  at  constant  speed,  the  current  in  the  arma- 
ture being  just  sufficient  to  react  on  the  magnetic  field 
with  the  force  necessary  to  overcome  the  resistance  to 
turning  due  to  the  load  on  the  shaft,  friction  in  the 
bearings,  &c. 

If  the  field  strength  were  lessened,  the  back  electro- 
motive force  would  decrease  in  the  same  proportion,  if 
the  speed  of  rotation  remained  as  before.  This  would 
allow  a  stronger  current  to  flow  through  the  armature, 
i.e.,  the  motor  would  receive  more  power.  The  increased 
power  supplied  to  the  motor  would  make  it  run  faster, 
until  the  back  electromotive  force  had  again  increased  to 
such  a  value  that  the  power  taken  by  the  motor  was  that 
needed  to  enable  it  to  overcome  the  resistance  of  the  load 
at  the  new  speed.  Under  the  new  conditions  the  attraction 
between  armature  poles  and  main  field  poles  will  again 
just  balance  the  resistance  to  turning  due  to  friction  and 
the  load  on  the  shaft. 

Thus,  a  decrease  in  excitation  produces  an  increase  in 
speed. 

The  regulation  of  a  shunt  motor  may  be  easily 
accomplished  by  connecting  a  variable  resistance  in  series 
with  the  shunt  magnet  winding.  The  current  in  the 
shunt  winding  is  small,  and  therefore  the  waste  of  power 
in  such  a  resistance  is  not  great. 

In  a  series  motor  the  whole  of  the  armature  current 
circulates  in  the  magnet  winding.     The  field  regulation  in 
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this  case  is  more  economically  carried  out  by  putting  a 
variable  resistance  in  a  branch  circuit  in  parallel  with  the 
magnet  winding.  The  current  round  the  magnets  is  then 
decreased  by  decreasing  the  variable  resistance  in  the 
parallel  branch  circuit,  causing  more  current  to  pass 
through  the  resistance,  instead  of  through  the  field 
windings. 

The  number  of  magnet  windings  may  also  be  decreased 
in  order  to  weaken  the  field  strength.  This  is  in  general 
not  so  easy  to  carry  out. 

The  method  of  speed  regulation  by  varying  the  field 
is  illustrated  in  the  case  of  a  shunt  motor  by  the  next 
experiment.  (For  diagram  of  connections,  see  opposite 
page.) 

Experiment  XIII. — Determination  of  Variation  in  Speed 
OF  A  Motor,  with  its  Excitation. 

Connections. — Connect  the  motor  to  the  source  of  supply 
through  a  starting  switch.  (See  page  127.)  If  necessary 
to  maintain  the  voltage  at  the  correct  value,  insert  a 
variable  resistance  between  the  switch  and  the  motor 
terminal.  Put  a  variable  resistance  and  an  ammeter  in 
series  between  the  field  terminal  of  the  motor  and  its 
connection  to  the  starting  switch. 

The  method  of  varying  the  field  current  shown  on 
page  45,  may  conveniently  be  used  in  this  experiment, 
in  place  of  the  resistance  R.,  in  series  with  the  field. 
Care  must  be  taken  in  this  case  not  to  weaken  the  field 
too  much  and  always  to  start  the  motor  with  the  full 
voltage  on  the  field. 

Connect  a  voltmeter  to  the  armature  terminals. 

Instructions — Start  the  motor  with  the  excitation  at  its 
maximum  value.  Keep  the  voltage  at  the  armature 
terminals  constant  throughout  the  experiment  l)y  varying 
the  resistance  R^  when  necessary. 

Beginning  with  the  maximum  exciting  current, 
reduce    its  value  gradually. 

For  each  value  of  the  exciting  current  take  readings  of 
exciting  current,  speed,  and  armature  voltage  (which 
should  remain  constant). 
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The  motor  should  be  unloaded  or  else  made  to  exert 
a  constant  torque. 

Two  sets  of  readings  should  be  taken,  with  increasing 
and  decreasing  field  currents,  respectively. 


Diagram  of  Connections. 
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Fig.  42.— Variation  in  Speed  ok  Motor  with  Excitation. 


Ml  M2  Supply  mains. 
M       Motor  armature. 

Motor  field  windings. 

Adjustable  resistance  for  regulating  voltage  at 
armature  terminals  only  necessary  where 
voltage  of  supply  is  not  constant). 

Adjustable  resistance  for  varying  exciting 
current. 

Voltmeter  for  measuring  voltage  across  arma- 
ture. 

Ammeter  for  measuring  exciting  current. 

Starting  switch. 
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Plot   a   curve   showing    dependence   of   number   of 
revolutions  jDer  minute  upon  exciting  current. 

Fig.   43  shows  such  a  curve  obtained  from  a  small 
2-pole  shunt-Avound  motor  in  this  way. 
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The  readings  should  be  entered  as  on  the  following 
table  : — 

DETERMINATION  OF  DEPENDENCE  OF  SPEED  OF  A  SHUNT 
MOTOR  UPON  EXCITATION. 

Observer  Date   

Motor  No Type  

Normal  output li.p-,  at volts,  and revs,  per  rain. 


Exciting  Current. 

Revolutions 

per 

Minute. 

Armature  Voltage. 

Ammeter  No. 
Constant  

Voltmeter  N 
Constant 

o 

Reading. 

True  Value. 

Reading. 

True  Value. 

The  power  taken  by  the  motor  when  running  light 
should  be  very  small.  Consequently  the  back  electro- 
motive force  will  remain  practically  constant  (since  the 


2400 


2000 


1800 


o     1600 


1400 


1200 


•6       -8 


1-0      1-2      1-4      1  6      1-8     2-0 
Amperes  Excitation. 

J  iG.  43.— Dependence  of  Speed  or  Motor  upon  E.xcitation. 

difference  between  the  applied  electromotive  force  and 
the  back  electromotive  force  determines  the  power 
absorbed),  and  the  speed  will  have  to  increase  approxi- 
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mately  in  the  same  ratio  as  the  strength  of  field  decreases, 
in  order  to  maintain  the  back  electromotive  force  at  the 
same  value. 

Thus  the  speed  will  be  approximately  inversely 
proportional  to  the  strength  of  the  field. 

The  turning  effort  of  the  motor  is  proportional  to  the 
product  of  the  field-strength  and  armature  current.  The 
turning  effort  for  a  given  load  is  nearly  constant  at  all 
speeds,  increasing  but  slightly  at  higher  speeds,  owing  to 
increased  friction  losses.  If  the  strength  of  the 
field  were  accurately  proportional  to  the  exciting 
current,  we  should  thus  obtain  a  curve  of  such  a 
nature  that  for  any  point  upon  it  the  product 
of  its  distance  from  the  line  of  zero  excitation  multiplied 
by  its  distance  from  the  line  of  zero  speed  would  be  a 
constant  number,  since  this  is  the  product  of  excitation 
and  armature  current.  Such  a  curve  is  called  a  rectangular 
hyperbola.  We  have  already  found,  however,  that  the 
field  is  not  exactly  proportional  to  the  excitation  (see 
Experiment  V.).  Consequently  the  curve  is  not  exactly 
a  hyperbola,  although  it  is  generally  similar  in  appearance 
to  part  of  this  curve.  The  extent  to  which  the  curve 
departs  from  a  true  hyperbola  will  depend  on  the 
magnetisation  curve  of  the  motor. 

Calculation  of  Curve. — Bearing  in  mind  that  for  a  constant 
load  the  curve  obtained  in  the  present  experiment  is 
governed  by  the  condition  that  the  (strength  of  field)  x 
(revolutions  per  minute)  is  constant,  we  could  construct  it 
from  the  magnetisation  curve  taken  in  Experiment  V. 
and  a  single  reading  of  speed  and  excitation.  The  volts 
plotted  vertically  on  the  magnetisation  curve  (see  Fig. 
14,  page  48)  are  proportional  to  the  strength  of  field 
produced  by  the  magnetising  current.  Consequently  we 
can  see  the  effect  of  a  given  change  of  excitation  upon  the 
field  strength  by  an  inspection  of  the  magnetisation 
curve.  The  change  in  speed  will  be  inversely  proportional 
to  the  change  of  voltage,  corresponding  on  the  magnetisa- 
tion curve  to  the  change  of  excitation.  By  taking  a 
number  of  different  values  of  the  excitation,  it  is  thus 
easy  to  trace  the  change  in  speed  produced.  We  have 
only  to  remember  that  the  product  of  the  voltage  (taken 
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from  the  magnetisation  curve)  multiplied  by  the  speed  of 
the  motor  for  the  same  exciting  current  is  always  con- 
stant. This  constant  value  can  be  obtained  from  a  single 
reading  taken  on  the  motor  when  ruiming  at  any  speed 
with  the  normal  armature  voltage. 

This  method  of  calculating  the  curve  will  only  give 
an  approximate  result  since  the  voltage  lost  in  the 
armature  and  the  small  increase  of  friction  Avith  the  speed, 
which  makes  the  armature  current  increase  slightly  as 
the  speed  rises,  are  neglected. 

The  curve  shoA\Ti  in  Fig.  43  was  taken  from  a  3  h.p., 
slotted  core,  2-pole  Crompton  motor. 

A  further  result  obtained  from  the  experiment  is  a 
determination  of  the  magnitude  and  degree  of  regulation 
required  by  a  resistance  intended  for  use  as  a  speed 
regulator  in  the  shunt  circuit  of  a  variable  speed  motor. 
Without  measm'ing  the  resistance  actually  employed,  its 
value  at  any  motor  speed  is  easily  obtained  by  dividing 
the  supply  voltage  by  the  shunt  current,  and  subtracting 
from  the  result  the  value  of  the  resistance  of  the  shunt 
winding.  Thus,  referring  to  the  Fig.  43,  in  order  to 
regulate  the  speed  of  the  motor,  whose  curve  is  shown 
there,  from  1,400  revs,  per  minute  to  2,000  revs,  per 
minute  it  will  be  seen  that  the  shunt  current  must  be 
varied  approximatel}^  from  1-85  to   8  amperes. 

Thus  when  the  fields  are  excited  from  200  volts  the 
resistance    of   the    shunt    circuit   must    be   varied   from 

200  200 

--——_  =  108  ohms  to  — TT-  =  250  ohms.  The  resistance 
l-8o  -8 

of  the  field  when  warm  Avas  found  to  be  80  ohms  ;    thus 

the  regulating  resistance  for  the  two  speeds  would  be 

28  and  170  ohms  respectively. 

In  this  calculation  the  load  is  assumed  to  remain 
luichanged.  If  the  load  varies  considerably,  the  variation 
in  speed  due  to  the  change  of  load  must  be  allowed  for  m 
calculating  the  variation  of  excitation  necessary.  This 
variation  is,  however,  never  very  great  in  the  case  of  a 
shunt  motor  working  at  ordinary  loads. 

The  results  of  the  experiment  may  also  be  plotted  in 
such  a  way  as  to  compare  directly  speed  and  resistance, 
the  resistance  being  calculated  each  time  from  readings 
of  the  exciting  current  and  voltage  of  supply. 
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Obviously  the  increase  in  resistance  of  the  field 
windings  of  a  motor,  due  to  their  becoming  heated  by  the 
current,  will  affect  the  speed  of  the  motor.  After  starting 
with  the  windings  cold,  the  motor  will  gradually  increase 
its  speed  as  they  become  heated. 

The  method  of  regulating  the  speed  by  varying  the 
excitation  is  also  applicable  to  series  motors.  In  this 
case  the  field  current  is  varied  by  connecting  a  variable 
resistance  in  parallel  with  the  field  coils. 

The  preceding  experiment  cannot  be  readily  carried 
out  with  an  unloaded  series  motor,  as  the  speed  of  a 
series  motor  when  unloaded  becomes  dangerously  high  ; 
but  it  may  be  carried  out  almost  exactly  as  described 
with  the  motor  shaft  connected  to  a  constant  load. 

In  this  case  decrease  of  resistance  will  correspond  to 
decrease  of  strength  of  field  and  increase  of  speed. 

Regulation  of  the  Speed  of  a  Motor  by  a  [Resistance  in  the 
Armature  Circuit. — This  method  practically  operates  ujjon 
the  motor  by  varying  the  voltage  at  the  armature 
terminals,  since  the  function  of  the  resistance  is  to  absorb 
a  certain  portion  of  the  voltage  of  the  mains,  and  thus  to 
reduce  the  voltage  applied  to  the  motor  armature. 

The  voltage  at  the  armatm-e  terminals  is  most  readily 
varied  by  putting  a  resistance  in  the  armature  circuit  to 
absorb  a  portion  of  the  voltage  of  the  mains  supplying 
the  motor,  although  any  other  method  of  producing  the 
effect  will  have  the  same  result — e.g.,  putting  two  motors 
in  series,  so  that  each  may  absorb  part  of  the  main  voltage, 
or  by  varying  the  voltage  of  the  supply  mains. 

The  use  of  a  resistance  in  the  armature  circuit  for 
purposes  of  regulation  is  generally  very  wasteful,  since 
the  whole  armature  current  passes  through  and  heats 
the  resistance.  It  is,  however,  frequently  useful  to 
employ  a  series  resistance  for  varying  the  speed  during 
short  periods  or  for  special  purposes.  The  same  switch 
and  resistance  frame  as  are  employed  in  starting  the 
motor  (see  page  127)  are  convenient  for  the  purpose,  if 
fine  variations  of  speed  are  not  required. 

It  should  be  noted  that  the  resistances  intended  for 
use  with  a  starting  switch  are  not  always  made  of 
sufficiently  stout  wire  to  permit  of  their  being  left  in  the 
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circuit^for^^lengtliy  periods.  In  starting  a  motor  they  are 
used  for  such  a  short  time  that  thej'^  have  not  time  to 
get  overheated.  When  the  motor  is  heavily  loaded,  its 
current  is  high,  and  the  heating  effect  of  the  current  is 
therefore  increased,  and  may  exceed  the  carrying  capacity 
of  the  resistance. 

In  comparing  this  method  of  regulating  the  speed 
with  the  method  of  field  regulation,  it  should  be 
remembered  that  the  current  in  the  armature  varies 
with  the  load  on  the  motor.  The  voltage  absorbed 
by  a  resistance  in  series  with  the  armature  will  also 
vary  with  the  load,  since  the  di'op  is  the  product  of  the 
resistance  (in  ohms)  by  the  current  (in  amperes)  flowing 
in  it.  Thus  an  increase  in  load  will  at  once  affect  the 
voltage  applied  to  the  armature  and  will  consequently 
affect  the  speed  in  a  two-fold  manner.  If  the  regulating 
resistance  is  in  the  shunt  winding,  on  the  other  hand, 
its  effect  upon  the  speed  of  the  motor  will  be  unaffected 
by  variations  in  the  load. 

Experiment  XIV. — Determination  of  the  Relation 
BETWEEN  Speed  and  Voltage  of  a  Motor  having 
Constant  Excitation. 

Connections. — Connect  the  motor  to  the  mains  through 
a  starting  switch.  Put  a  variable  resistance  in  the 
armature  circuit,  and  an  ammeter  and  adjustable  resist- 
ance in  the  field  circuit.  Connect  a  voltmeter  to  the 
motor  terminals.  The  potential  regulating  resistance 
referred  to  on  page  6  may  be  used  for  varying  the 
armature  voltage. 

Instructions. — Keep  the  exciting  current  constant 
throughout  the  experiment  by  varying  the  resistance  R., 
when  necessary. 

Beginning  with  the  resistance  R,,  entirely  cut  out, 
increase  its  value  gradually,  so  as  to  decrease  the  voltage 
at  the  motor  terminals.  For  each  value  of  the  voltage 
observed  upon  voltmeter  V,  take  readings  of  the  speed 
of  the  armature,  and  of  the  exciting  current.  Although 
not  strictly  part  of  the  experiment,  readings  of  the 
armature  current  should  be  taken  also. 

Plot  a  curve  showing  dependence  of  number  of 
revolutions  per  minute  upon  armature  terminal  voltage. 


current  in  the  motor  armature. 
Diagram  of  Connections. 
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Ai) AfWAr 

Ri 
Fig.  u. 

Ml  M2  Supply  mains . 
M       Motor  armature. 
F       Motor  field  windings. 
R^      Adjustable   resistance   for  varying   voltage   at 

armature  terminals. 
R2      Adjustable   resistance   for   regulating    exciting 
current. 
*Ai      Ammeter  for  measuring  armature  current. 
A.>      Ammeter  for  measuring  exciting  current. 
V       Voltmeter  for  measuring  volts  across  armature. 
S  S       Starting  switch. 

Fig.  45  shows  a  curve  resulting  from  this  experiment. 
The  curve  consists  of  a  straight  line  passing  through  zero. 
This  shows  that  the  sjjeed  is  proportional  to  the  voltage 
applied  to  the  motor  armature  when  the  excitation  is 
maintained  constant. f 

*Tli!s  is  not  necessary  for  the  experiment. 
tThis  is  practically,  but  not  rigidly  true.  The  hack  electromotive  force  of 
the  motor  is  strictly  proportional  to  the  speed  with  constant  excitation.  The 
back  electromotive  force  is  always  less  than  the  electromotive  force  applied  at 
the  terminals  by  an  amount  equal  to  the  product  of  the  armature  current 
and  the  resistance  between  the  motor  terminals.  The  current  taken  by  the 
armature  increases  with  the  speed  but  not  in  proportion  to  the  speed.  Hence  it 
follows  that  the  difference  between  the  applied  electromotive  force  and  the  back 
electruniotive  force  di)es  not  increase  in  the  same  pro|jortioii  as  the  speed  of  the 
motor,  and  the  applied  electromotive  force  must  increase  at  a  slightly  higher  rate 
than  the  speed.  At  no  load  the  difference  between  the  applied  and  back 
electromotive  forces  is  so  small  that  this  lack  of  proportionality  can  be  neglected 
in  the  case  of  a  fairly  efficient  motor. 
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Readings  should  be  entered  as  follows  : — 

DETERMINATION   OF   DEPENDENCE   OF   SPEED   OF  A 
MOTOR    UPON    ITS    VOLTAGE. 


Observer 

Motor  No 

Normal  output H.P.,  at volts,  ami revs,  per  niin. 

Exciting  current Amps. 


Date 
Type 


Armature  Voltage. 

Revolutions 

per 

Minute. 

Exciting  Current. 

Armature  Current. 

Voltmete 
Constant 

r  No 

Ammete 
Constant 

•No 

.Ammeter  No 

Rea.ling.  '     '^7« 
°      \  alue. 

Reading. 

True 
Value. 

Reading. 

True 
Value. 

This  experiment  is  really  the  converse  of  Experiment 
IV.,  in  which  it  was  found  that  the  voltage  of  a  uniformly- 
excited  dynamo  was  proportional  to  the  speed. 
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Fig.  45.  —Dependence  of   Speed  of  a  Motok  upon   Armature  Voltage. 
Exciting  Current  constant   1-5  Amperes. 
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As  in  the  case  of  the  dynamo,  the  inclination  of  the 
line,  showing  the  result  of  the  experiment,  will  be 
different  for  each  value  of  the  excitation. 

In  carrying  out  the  experiment  it  will  be  found 
impossible  to  get  points  on  the  curve  corresponding  to 
very  low  speeds.  The  motor  will  not  run  steadily  at 
very  low  speeds. 

Thus,  in  Fig.  45  the  lowest  reading  actually  taken  was 
for  a  speed  of  295  revs,  per  minute.  The  motor  could 
not  be  got  to  run  at  less  than  255  revs,  per  minute.  The 
curve  representing  observations  should,  therefore,  strictly 
speaking,  foUow  the  dotted  line  shown  on  the  figure. 

With  constant  loads  on  the  shaft,  other  curves  may 
be  obtained  which  will  also  be  amyroximately  straight 
lines,  the  angles  which  they  make  with  the  horizontal 
depending  on  the  load.  As  the  current  corresponding 
to  each  load  is  constant,  the  effect  of  armature  resist- 
ance, &c.,  will  be  greater  for  higher  loads,  and  the  lines 
will  consequently  tend  to  bend  over  in  the  case  of  heavy 
loads  on  the  shaft. 

It  is  advisable  in  both  this  and  the  preceding  experi- 
ment to  insert  an  ammeter  in  the  armature  circuit  (as 
shown  in  Fig.  44),  and  to  observe  the  variation  in  the 
armature  current  in  the  two  cases. 

When  the  field  is  variable  and  the  load  is  constant 
(Experiment  XIII.)  the  armature  current  increases  as  the 
field  strength  decreases,  so  that  a  constant  torque  may 
be  maintained. 

Where  the  field  and  load  are  both  constant  (Experi- 
ment XIV.),  the  armature  current  only  varies  very  slightly 
to  make  up  for  variation  in  friction  and  other  losses. 
In  either  case. current  and  speed  are  practically  indepen- 
dent of  each  other. 

Two  very  important  conclusions  are  to  be  dra\\Ti 
from  the  results  of  the  preceding  experiment  and  dis- 
cussion, applying  to  a  motor  having  constant  excitation. 

(1)  For  any  given  speed  and  excitation  there  is  a 
definite  back  electromotive  force  induced  in  the  armature, 
independent  of  load  or  voltage  applied. 

(2)  For  a  given  load  on  the  shaft  and  given  excitation 
the  armature  current  will  have  a  definite  value,  indepen- 
dent of  speed  and  voltage. 
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The  frictional  and  other  resistances  to  turning  which 
have  to  be  overcome  in  the  motor  itself  must  be  con- 
sidered to  form  part  of  the  "  load  "  on  the  shaft. 

The  speed  of  the  motor  adjusts  itself  automatically,  so 
that  the  applied  electromotive  force,  acting  in  opposition 
to  the  back  electromotive  force  corresponding  to  the  speed, 
is  just  sufficient  to  send  this  requisite  current  through  the 
armature. 

These  conclusions  make  it  possible  to  determine 
beforehand  the  voltage  necessary  to  make  a  motor  run  at 
any  other  speed  than  the  usual  one. 

Also  the  magnitude  of  a  starting  or  regulating  resist- 
ance to  be  used  in  connection  with  a  motor  can  be  cal- 
culated when  the  current  taken  by  the  machine  at  any 
speed  is  known. 

A  similar  experiment  may  be  carried  out  for  a  series 
motor.  In  this  case  the  resistance  Rj  which  varies  the 
armature  voltage,  will  be  in  series  with  the  field  windings 
as  well  as  the  armature 

For  a  given  load  (as  explained  above),  the  current 
must  remain  at  a  constant  value  in  both  armature 
and  field,  irrespective  of  the  speed  of  the  motor,  since  the 
torque  due  to  the  load  requires  that  armature  and  field 
poles  should  have  a  definite  mutual  attraction. 

Wlien  the  motor  is  running  light,  the  effect  of  intro- 
ducing a  resistance  in  series  with  the  motor  circuit  will 
be  to  reduce  the  voltage  at  the  motor  terminals  without 
reducing  the  current.  In  order  that  the  same  current 
may  continue  to  flow,  and  the  armature  exert  the  same 
torque,  with  a  decreased  voltage  at  the  terminals,  the 
counter  electromotive  force  of  the  armature  must  be 
reduced  by  a  reduction  of  speed,  proportional  to  the 
reduction  of  counter  electromotive  force  necessary  to 
maintain  the  original  current. 

Thus  for  a  series  motor  running  light,  the  curve 
comparing  speed  and  voltage  will  be  approximately  a 
straight  line,  as  in  the  case  of  a  shunt  motor. 

The  same  will  be  true  for  a  series  motor  running  at 
constant  load  {i.e.,  with  a  constant  resistance  to  turning 
at  the  shaft),  except  that,  as  the  current  will  be  greater, 
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the  effects  of  armature  resistance,  hysteresis,  eddy 
currents,  and  air  friction  may  affect  the  curve  sufficiently 
to  cause  it  to  bend  over. 

The  curves  in  Fig.  46  were  obtained  by  applying  a 
brake  to  a  9|in.  pulley  on  the  shaft  of  a  small  series 
wound  motor,  whose  armature  and  field  resistances  were 
low.  The  pull  on  the  brake  was  maintained  constant  for 
the  readings  recorded  in  each  curve.  It  will  be  seen  that 
for  a  fairly  wide  range  of  speeds  the  variation  of  speed 
and  electromotive  force  remained  so  nearly  proportional 
that  the  curves  appear  as  straight  lines. 
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Fig  46.— Variation  in  Speed  of  Series  Motor  at  Different  Voltages 
AND   Loads. 


The  amount  of  the  pull  applied  through  the  brake  to 
the  pulley  in  each  case  is  stated  on  the  respective  cm'ves. 

The  effect  of  armature  resistance,  and  of  other  losses 
increasing  with  the  current,  makes  the  three  right-hand 
curves  cut  the  horizontal  axis  some  distance  from  0. 

An  important  characteristic  of  the  series  motor  is 
that  the  back  electromotive  force  of  the  armature  depends 
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on   the   armature   current.  Hence   the   back   electro- 

motive force  necessary  to  keep  doA\Ti  the  armature 
current  at  light  loads  can  only  be  reached  at  a  very  high 
speed  of  revolution.  When  working  under  heavy  load 
and  when  the  armature  current  is  consequently  higii, 
the  machine  will  run  at  a  low  speed  so  that  the  back 
electromotive  force  may  be  small  enough  to  allow  this 
current  to  flow.  The  variation  of  speed  with  load  is 
thus  much  greater  than  with  a  shunt  motor. 

A  means  of  lessening  the  excessive  speed  of  a  series 
motor  at  light  loads,  is  to  employ  very  strongly-saturated 
fields.  The  decrease  of  current  at  light  loads  has  in  such 
cases  a  smaller  weakening  effect  upon  the  field,  and 
consequently  the  speed  of  the  motor  rises  less  rapidly. 
Thus  at  the  lightest  load  contemplated,  the  induction 
in  the  fields  must  still  be  sufficiently  strong  to  correspond 
to  the  fiat  branch  above  the  "  knee  "  of  the  magnetisation 
curve.  This  increases  the  number  of  ampere-turns 
required,  and  consequently  both  the  initial  cost  and  the 
power  spent  in  excitation. 

Relation  Between  Direction  of  Rotation  of  Dynamo  and  Motor. — 

Comparing  Fig.  17  (page  62)  and  Fig.  40  (page  122),  and 
recalling  the  connection  between  the  direction  of  circu- 
lation of  a  current  and  the  magnetic  poles  produced,  it 
will  be  seen  that  in  a  motor  the  relation  between  the 
direction  of  the  current  in  the  armature  and  in  the  field 
circuit  must  always  be  the  reverse  of  that  existing  in  a 
generator  rotating  in  the  same  direction. 

This  will  be  true  in  all  cases,  and  does  not  depend  on 
the  type  of  armature  or  field  winding. 

Shunt  Machines. — Suppose  a  shunt  dynamo  to  be  un- 
coupled from  the  driving  source  and  to  be  supplied  with 
current  by  connecting  its  positive  brush  to  the  positive 
main  of  the  installation,  and  its  negative  brush  to  the 
negative  main.  The  exciting  current  will  be  michanged 
in  direction  since  the  field  windings  will  be  connected  to  a 
source  of  current  of  the  same  polarity  as  previously.  The 
armature  current  will,  however,  now  flow  from  positive 
to  negative  brush  in  the  motor,  instead  of  in  the  reverse 
direction,  as  when  the  machine  was  acting  as  a  generator. 

Thus    the   relative   direction   of   armature   and   field 
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currents  is  reversed,  and  the  motor  will  run  in  the  same 
direction  as  that  in  which  it  was  driven  as  a  generator. 

A  shunt  machine  will  accordingly  run  in  the  same 
direction  if  connected  to  a  circuit,  whether  it  is  supplying 
current  to  the  circuit  as  a  generator,  or  whether  it  is 
taking  current  from  the  circuit  and  working  as  a  motor. 

Critical  Speed. — If  the  machine  is  driven  at  such  a  speed 
that  its  voltage  exceeds  that  of  the  line  to  which  it  is 
connected  it  will  supply  current  to  the  line. 

If  the  speed  is  less,  so  that  the  machine  voltage  is 
lower  than  the  line  voltage,  the  machine  will  receive 
current  and  be  driven  as  a  motor. 

At  a  definite  intermediate  speed  the  voltages  of 
the  machine  and  of  the  line  will  be  exactly  equal,  and  the 
machine  will  neither  receive  nor  give  out  current.  This 
speed  is  known  as  the  critical  speed  of  the  machine.  If 
running  below  the  critical  speed,  the  machine  is  a  motor. 
When  driven  at  a  speed  higher  than  the  critical  speed, 
the  machine  becomes  a  generator. 

Scries  Machine. — If  a  series  dynamo  be  allowed  to  receive 
current  from  the  line  which  it  has  been  supplying,  the 
direction  of  the  current  in  both  armature  and  field  will 
be  reversed.  The  relative  direction  of  armature  and  field 
current  is  therefore  unchanged.  Consequently  the 
machine  cannot  continue  to  rotate  in  the  same  direction, 
but  will  be  driven  as  a  motor  in  the  opposite  direction  to 
that  in  which  it  rotated  as  a  generator. 

Since  a  series  machine  rotates  in  opposite  directions 
when  acting  as  motor  and  generator,  it  cannot  be  said  to 
have  a  "  critical  speed  "  in  the  same  way  as  a  shiuit 
machine. 


CHAPTER  X. 

Efficiency  Tests  of  a  Motor. 

Efficiency  of  a  Motor. — The  efficiency  of  an  electro- 
motor is  the  ratio  of  the  mechanical  power  exerted  by 
the  motor  to  the  electrical  power  supplied  to  it. 

Expressed  as  a  percentage 

„^  .  power  exerted 

Emciencv  per  cent.  =  — -. — ,    x    100. 

^    ^  power  received 

In  the  above  ratio  both  amomits  of  power  must  be 
expressed  in  terms  of  the  same  unit. 

Electrical  power  supplied  to  the  motor  is  measured 
in  watts.  The  number  of  watts  supplied  is  numerically 
equal  to  the  product  of  the  current  (in  amperes)  multiplied 
by  the  pressure  (in  volts)  measured  at  the  motor 
terminals. 

Mechanical  output  is  usually  measured  in  terms  of 
horse-power,  and  is  termed  the  brake  horse-power,  or 
B.H.P.,  of  the  motor.  One  horse-power  is  equivalent 
to  an  output  of  33,000  ft. -lbs.  per  minute,  or  to  746  watts. 

To  express  both  input  and  output  in  terms  of  the 
same  unit,  it  is  usual  to  express  both  in  horse-power. 

Dividing  the  watts  supplied  to  the  motor  by  746  the 
input  is  obtained  in  horse-power,  usually  called  the 
electrical  horse-power,  or  E.H.P. 

We  may  wTite 

Efficiency  of  motor  per  cent. 

B.H.P.  output 


E.H.P.  input 
B.H.P. 


100 

X  74,600 


amperes  x  volts 
Brake  Tests. — In  testing  a  motor,  the  mechanical  output 
or  brake  horse-power  is  most  simply  measured  by 
applying  a  friction  brake  to  the  rim  of  a  pulley  on  the 
motor  shaft,  and  measuring  the  retarding  force  exerted 
by  the  brake  on  the  pulley. 
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Power  is  the  rate  at  which  a  force  is  exerted  or 
overcome  in  a  given  direction. 

In  the  case  of  a  brake  applied  to  a  rotating  pulley,  the 
force  is  the  retarding  force  exerted  at  the  surface  of  the 
pulley,  due  to  the  friction  between  the  brake  and  pulley. 
The  rate  at  which  this  force  is  overcome  in  a  direction 
tangential  to  the  pulley  is  the  speed  with  which  the  rim 
of  the  pulley  moves  relatively  to  the  brake. 

Let  p  be  the  force  in  pounds  exerted  by  the  brake 
at  the  rim  of  the  pulley. 

d  the  diameter  of  the  pulley  in  feet.* 

n  the  number  of  revolutions   of  the  pulley  per 
minute. 

Then  the  horse-power  exerted  by  the  motor  is 

-J3  TT  p  _  Number  of  ft. -lbs.  per  min. 
"  33,000 

_   lbs.  pull    X  speed  of  pulley  rim     p  y.  tt  n.d. 
^  33,000  33,000 

Hence  efficiency  of  motor  per  cent. 

TT  p.n.d.  74,600 

amperes  x  volts        33,000 

The  quantity  _-'-.,  tt  d  will  be  a  constant  number 
^  -^    33,000 

for  any  particular  brake  pulley.     Writing  k  instead  of 
this  expression, 

Efficiency  of  motor  per  cent.    =  k , — 

amperes  x  volts. 

By  varying  the  pressure  of  the  brake  on  the  motor 
pulley,  the  output  of  the  motor  may  be  varied  from  a 
low  value  up  to  the  full  output  for  which  the  motor  was 
designed. 

*  It  is  here  assumed  that  the  pull  is  measured  directly  at  the  surface  of  the 
pulley,  or  in  a  line  tangential  with  it,  as  when  a  baud  brake  of  negligible  thick- 
ness is  used.  If  the  pull  is  measured  at  a  greater  distance  from  the  shaft,  owing 
to  the  thickness  of  the  brake  band,  or  method  of  applying  the  load,  the  actual 
pull  at  the  pulley  rim  will  be  greater  than  the  pull  measured. 

Let  pi  be  the  pull  measured, 

and  ^  the    perpendicular    distance    of    the    centre    of    shaft  from    the    line    in 
which  the  pull  is  measured. 

Then  actual  pull  at  rim  of  pulley  =iLJi!_,  and  this  value  must  be  inserted 
instead  of  p   in   the  formulse   given   above. 
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Observations  made  upon  the  speed  of  the  motor  and 
the  armature  current  at  different  loads  give  important 
information  respecting  tlie  motor  itself. 

The  curve  comparing  the  horse-power  exerted  with 
the  current  taken  by  a  motor,  is  sometimes  called  the 
Load,  Characteristic. 

Brakes  may  be  arranged  in  the  form  of  blocks  pressed 
on  to  the  pulley,  and  maintained  in  position  by  levers,  in 
such  a  way  that  the  tangential  pull  of  the  rotating  pulley 
is  measured  by  weights  or  a  spring  balance  attached  to 
the  brake  lever. 

Usually  the  most  convenient  form  is  a  flexible  rope 
or  band  wrapped  round  the  pulley.  Weights  or  a 
small  spring  balance  attached  to  the  free  end  of  the  band, 
or  ropes,  enable  the  pressure  on  the  pulley  to  be  varied. 
The  other  end  of  the  brake  band  is  fixed  to  some  con- 
venient point,  the  tension  at  this  end  being  registered 
by  a  spring  balance  at  the  point  of  attachment.  Usually 
it  is  necessary  to  provide  small  saddle-shaped  wooden 
cleats  on  the  brake-band,  to  keep  the  band  in  the  centre 
of  the  pulley.  Where  more  than  2  h.p.  or  3  h.p.  are  to 
be  absorbed,  it  usually  becomes  necessary  to  cool  the 
pulley  with  water,  unless  the  test  is  of  very  short  duration, 
or  the  pulley  of  considerable  diameter. f 

In  a  rope  brake  it  is  the  tension  on  the  slack  end  of 
the  rope  which  regulates  the  friction  and  tension  on  the 
whole  of  the  rope.  A  comparatively  small  tension  is 
sufficient  where  the  rope  is  wound  completely  round  the 
pulley. 

A  difficulty  sometimes  arises  owing  to  the  vibration  of 
the  pointer  of  the  spring  balance,  especially  if  the  balance 
is  a  finely  graduated  one.  To  overcome  this  vibration 
the  writer  has  adopted  a  simple  device,  whereby  steady 
readings  may  be  obtained  on  a  sensitive  circular  balance. 
This  consists  in  attaching  to  the  spindle  immediately 
behind  the  pointer  a  turned  brass  disc  having  sufficient 

tAn  approximate  rule  given  by  C.  v.  Bach  as  to  tiie  minimum  size  of  pulleys 
to  avoid  overheating  by  a  friction  brake  is  as  follows  : — 
if  6  =  breadth  of  pulley  in  inclies 

d  =  diameter         „  ,, 

HP  =  horse-power  to  be  absorbed 
then  bd  ^  HP  x  23'5  for  air-cooled  pulleys 
or  bd  ^  HP  >'.    4"  for  wate.-cooled  pulleys 
With  specially  high  speeds,  and  consequently  light  surface  pressure, 'these  values 
for  bd  may  he  slightly  exceeded. 
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inertia  to  damp  the  small  oscillations  which  are  usually 
set  up  in  the  spring.  The  disc  and  the  needle  move 
together  and  steady  readings  result. 

In  the  usual  forms  of  brake,  the  circumferential 
pull  due  to  friction  on  the  surface  of  the  pulley  is  read  as 
the  difference  between  the  readings  of  two  balances  or 
weighted  levers,  since  one  balance  or  weight  is  attached 
to  the  slack  end  of  the  rope  and  pulls  in  the  same  direction 
as  the  rotation  occurs,  and  the  other  pulls  in  the  reverse 
direction. 

Eddy  Current  Brakes. — A  number  of  forms  of  electro- 
magnetic brakes  have  been  employed  in  which  the  power 
of  the  motor,  instead  of  being  absorbed  by  friction  on 
a  pulley,  generates  currents  in  masses  of  iron  or  discs  of 
copper  which  are  thereby  heated.  The  weight  and  surface 
of  the  heated  metal  are  generally  made  sufficiently  large 
to  enable  the  heat  to  be  radiated  rapidly  enough  to 
make  water  cooling  unnecessary. 

In  outline  the  principle  of  this  type  of  brake  is  as 
follows  : — 

A  disc  or  wheel  of  metal  is  driven  by  the  shaft  of  the 
motor  which  is  to  be  tested,  being  either  directly  coupled 
to  it,  or  driven  by  a  belt.  This  wheel  is  situated  in  a  strong 
magnetic  field  produced  by  an  electromagnet.  As  the 
wheel  rotates,  an  E.M.F.  will  be  induced  in  the  portions 
of  it  which  cut  the  lines  of  force  of  the  electromagnet, 
and  currents  will  be  produced.  These  currents  will 
circulate  in  the  metal  of  the  wheel,  and  the  apparatus 
will  become  practically  a  dynamo,  except  that  the  currents 
are  not  collected,  and  perform  no  work  except  that  of 
heating  the  wheel.  The  production  of  these  cm^rents 
corresponds  to  the  overcoming  of  a  repulsion  between  the 
magnets  and  the  conductors  in  which  the  currents  are 
formed,  exactly  as  in  the  case  of  a  dynamo.  If  the 
magnet  system  is  mounted  on  bearings  or  knife  edges,  it 
will  tend  to  revolve  in  the  same  direction  as  the  rotating 
conductors.  If,  further,  this  rotation  of  the  electro- 
magnets is  prevented  by  a  spring  balance  or  weighted 
lever,  the  exact  force  ex.rted  by  the  currents  on  the 
magnets  may  be  measured.  This  force,  when  multiplied 
by  the  velocity  with  which  it  is  overcome,  is  an  exact 
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measure  of  the  power  spent  by  the  motor  in  producing 
the  currents. 

We  may  thus  employ  exactly  the  same  formulae  for 
the  power  of  the  motor  as  those  given  on  page  145,  and 
may  write  for  the  output  of  the  motor 
X.TTP       27rpnr 

Where  p  =  lbs.  pull  on  lever  or  spring  balance, 
r  =  radius  at  which  this  pull  is  exerted. 
n  =  revs,  per  min.  of  the  motor. 

Several  modifications  of  the  arrangement  described 
above  have  been  made  by  various  makers.  Sometimes 
the  electromagnets  revolve  and  measurements  are  made 
of  the  force  exerted  on  the  body  in  which  the  currents 
are  induced. 

Dr.  D.  K.  Morris  and  Mr.  G.  A.  Lister  have  recently 
experimented  with  eddy-current  brakes,  and  have 
devised  a  compact  form  of  brake  suitable  for  fixing  to  the 
shaft  of  any  motor.  Full  particulars  of  the  construction 
and  principle  governing  the  design  of  this  brake  are  given 
in  their  paper  published  in  the  Proc.  Inst.  Elect.  Engrs., 
Vol.  35,  page  445. 

Another  form  of  brake  acting  on  the  electromagnetic 
principle  is  made  by  Newtons,  Ltd.,  of  Taunton. 

Experiment  XV. — Brake  Test  of  a  Shunt  Motor,  or 
Determination  of  the  Load  Characteristic  of 
A  Shunt  Motor. 

(For  diagram  of  connections,  see  next  page.) 

Connections. — Connect  the  motor  to  the  supply  mains 
through  a  starting  switch  and  regulating  resistance,  if 
necessary,  in  order  to  maintain  the  voltage  constant. 
Put  an  ammeter  in  the  main  circuit.  Connect  a  voltmeter 
to  the  motor  terminals. 

Instructions. — Keep  the  voltage  at  the  motor  terminals 
constant  throughout  the  experiment. 

Put  the  brake  on  the  motor  pulley.  Begin  with  no 
load  on  the  brake,  and  then  put  on  the  load  gradually. 

With  no  load  and  for  each  value  of  the  load,  read 
current  supplied  to  the  motor,  speed,  and  load  on  brake. 
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Repeat  the  readings  for  decreasing  values  of  the  load. 
Keep    the    brushes    in    the    non-sparking    position 
throughout  the  experiment. 

The  horse-power  of  the  motor  is  given  by  the  formula 
TT  p   _  2  TT  r  n  (W —  iv) 
■    ■  ~  33,000 

Diagram  of  Connections. 


Mj  M._,   Supply  mains. 
M        Motor  armature. 
F         Motor  field  windings. 

R        Adjustable    resistance    for    regulating    voltage 

at  motor  terminals  (only  required  when  the 

voltage  cannot  be  kept  constant   by  other 

means). 

A         Ammeter  for  measuring  current  supplied  to 

motor. 
V         Voltmeter    for    measuring    voltage    at    motor 
terminals. 
S  S        Starting  switch. 
Where  W  =  pull*  in  pounds,  acting  at  radius  of  pulley  in 
contrary  direction  to  the  rotation. 
w  =  pull  in  pounds  acting  at  radius  of  pulley  in 
same  direction  as  rotation.'^ 
W — w  =  effective  pull  on  brake  in  pounds. 
r  =  radius  of  pulley  in  feet. 
n  =  revolutions  per  minute  of  pulley. 

*  If  these  forces  are  applied  at  some  other  effective  radius  from  the  centre  of 
the  pulley  than  the  radius  of  the  pulley  itself,  they  must  be  multiplied  by  a  factor  so 
that  they  may  have  a  couhikju  moment  about  the  shaft.  See  also  footnote  on 
page  145. 
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The    readings    sliould    be    entered    as    in    the    table 
given  below. 

BRAKE  TEST  OF  SHUNT  MOTOR. 

Observer Date 

Motor  No Type 

Normal  Output H.R.  ;it volts,  and revs,  per  niin. 

Particulars  of  Krake,  type racl.  of  pulley  

Voltage  during  test    


Current  Supplied. 

Ammeter  Iso 

Constant 

Revs, 
per 
Min. 

w. 
Lbs. 

tv. 
Lbs. 

\y-w. 

Lbs. 

Watts 
Sup- 
plied. 

B.H.P. 

Sup- 
plied. 

H.P. 

Output. 

Effici- 
ency. 

Reading. 

True 
Value. 

From  the  readings  entered  in  the  Table,  the  following 
curves  should  be  plotted,  B.H.P.  being  in  each  case 
measured  horizontally. 

(1)  A  curve  showing  dependence  of  B.H.P.  exerted 

upon  current  supplied. 

(2)  A  curve  showing  the  relation  between  B.H.P.  and 

speed. 

(3)  A  curve  showing  the  relation  between  efficiency 

,        OUtputx      ^^j^jjp 

\       mput  / 

These  curves  are  illustrated  by  the  results  of  a  trial 
of  a  3J  h.p.  motor  built  by  Siemens  &  Halske,  shown  in 
Fig.  48  (page  151). 

On  the  same  figure  is  added  the  curve  of  torque, 
calculated  from  the  B.H.P.  and  speed  by  the  formula 


H.P. 


2  7r7lT 
33,000 


otT 


5,252  H.P. 


where  n  =  revolutions  per  minute. 
T  =  torque  in  lb. -ft. 
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The  curve  of  torque  should  be  compared  with  the 
curve  of  current.  They  are  both  nearly  straight  lines, 
and  increase  nearly  in  a  constant  ratio.  The  current 

increases,  however,  more  rapidly  as  the  efficiency  of  the 
motor  decreases  at  heavy  loads. 

A  curve  comparing  torque  and  current  should  also 
be  plotted. 

As  already  explained,  the  current  increases  in  pro- 
portion to  the  torque  to  be  overcome  so  long  as  the 
motor  field  remains  constant. 

At  heavy  loads,  however,  the  internal  losses  of  the 
motor  will  produce  a  weakening  of  the  field  (due  chiefly 
to  field  distortion  and  to  eddy  currents),  and  will  in  other 
ways  produce  a  virtual  increase  in  the  turning  resistance 


900       90 


800 


83 


700         70 


600    .    60 


^  500  S3    50 


400  .5    40 


30 


10 


■  ■-!-. ^_^_^  ^,  i ,  i  i  '  i    ,  .  .  |  |  |  |  1 1  |  |  | 

REVOLUTIONS  PER  MINUTF 

IT — U-f  -H-f-M  '  1  ■  I  1  1  1  1 

"-  4-  /^ 

::::::4±:±:±:±t4=th""^~~  '     1 

==--44:Z^-r- 

"'T        1          1  i    ' 

\V  ^^" 

f*  ■ '       f                   '1 

K         ' 

yl 

L.  +'  ^  vf^x'''  "    ~t~             1  i  r  1    " 

/ 

> 

<rr  /                                     M        i 

y                    ' 

^<^    ^                                                1          J 

'<^                  ' 

^    V  /  1                          1    M 1         '     y* 

1         !  '     1 

T-^  ••  py   1                         \\ '  \   \   \\   y 

^    \                                           '    'I 

1     ■              '     '     ■   ff' 

/                                    My 

'■   1  1         i   .^r^\ 

1  ■    /I                              \\      ■  \y  \\ 

\  .         j^  1   1 

-    -  -1     /                                                                           L/l         M 

:  i  V;  !     1 

1 '  y  _^    !  1   1  >q      ' 

■>^    ■ 

xf"^    1       '    ■    1    ' 

V    '          1       '  1           !   !  \y   ■    '  i 

yr^    '■  : 

/'  '        '     1    '         \y\'    !     M 

-^^    ■      — i r-       --f^---d?-fc'H^—      '     ^-^ 

■      ,            '  1   ■ 

h44^;H   ii   IFTw^^ 

' '  7 

/                              \0yf\        i      y  ,     n 

-    - 

•  r\l^          .(    L^     1      Q- 

7           '                   C  ><    i  L\\yJr\           -f 

■                 '    '        '    1 

/          1          i  !      y^  \   oy-y  '              ^ 

7             !  '  !            >'^    -iO^rl                       en 

'            ! 

/           ^TT     'v          ^i>^              -]-        uj-      -t 

/                         lyC            A'        '               1        1  -v^ 

i  1     1 

1                    >TI         .y'^                      \     -4  ^   ' 

"  " [■  1       ! 

I  '             Li^    '  \'      "'                                 !     ^  "^ 

1 

J          ^    1     ^r        '             ■    x^   '                                                      i    '    '        ^ 

1           '  -<^                        .^                                                                      '         1         r^     ^ 

'        !  1 

-p^       1  ->-      '  ■  •                              -^     r-5  Q  " 

:  1     1 

1      t'^                                                                                                              1                    -^ 

y^                                               i        ^ 

«^     I            '                                                                   '                         !                Q 

-    I       1    ■      i 

^         1           '  ,      ■        '1                          i        1           1  ! 

30 


20     0) 

Q. 

E 
< 


10 


0  12  3  4 

Fig.  48.— Brake  Test  of  Shunt  Motok. 


of  the  armature.  Consequently,  the  current  increases 
more  rapidly  than  the  external  torque  on  the  shaft  at 
heavy  loads. 
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The  curve  of  current  does  not  pass  through  zero,  as 
a  certain  amount  of  current  is  required,  to  excite  the  field 
magnets,  to  start  the  motor  and  overcome  the  frictional 
and  other  losses  before  the  motor  can  begin  to  perform 
useful  work.  Even  with  a  constant  field,  the  curve  of 
current  would  not  be  a  straight  line,  because  the  toi*que 
(and  consequently  the  armature  current  to  which  this 
is  proportional)  increases  more  rapidly  than  the  output 
owing  to  the  slowing  of  the  motor  and  the  increase  of 
internal  losses. 

The  constant  exciting  current  and  the  starting  current 
prevent  the  initial  part  of  the  curve  passing  through  zero. 

The  curve  of  torque  is  practically  a  straight  line, 
although  not  accurately  so  on  account  of  the  slight  drop 
in  the  speed  curve. 

The  efficiency  is  fairly  constant  for  loads  near  the 
normal  working  load.  A  motor  should  have  its  maxi- 
mum efficiency  at  the  usual  working  load,  not  at  its 
maximum  working  load. 

The  speed  decreases  slightly  and  regularly  as  the  load 
increases  within  the  usual  limits  of  the  output. 

Since  the  field  strength  of  a  shunt  motor  is  practically 
constant,  the  back  E.M.F.  generated  in  the  armature  is 
proportional  to  the  speed.  The  speed  of  the  motor  can, 
therefore,  never  exceed  the  critical  speed,  at  which  the 
back  E.M.F.  becomes  equal  to  the  voltage  of  the  source 
of  supply.  Otherwise  the  voltage  of  the  motor  would  be 
higher  than  that  of  the  supply. 

With  a  series  motor  an  increase  of  speed  has  the  eft'ect 
of  diminishing  the  armature  current,  which  in  that  case 
is  also  the  exciting  current.  Consequently  with  a  series 
motor  an  increase  in  speed  weakens  the  field,  and  the 
speed  tends  still  further  to  increase.  Thus  a  series 
motor  will  attain  an  excessive  speed  at  small  loads,  and 
be  a  source  of  danger  if  ever  allowed  to  run  light. 

Scries  Motor. — A  similar  experiment  to  the  last  may  be 
made  on  a  series-wound  motor.  In  this  case  it  is  better 
to  begin  with  the  full  load  on  the  brake,  and  gradually 
to  decrease  the  load,  because  the  motor  will  run  at  an 
excessive  speed  at  light  loads. 
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Experiment    XVI. — Brake   Test  of  a  Series   Motor,  or 

DETERMHiTATION    OF    THE    LoAD    CHARACTERISTIC    OF 

A  Series  Motor. 

Diagram  of  Connections. 
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Ml  Mo  Supply  mains. 
M        Motor  armature. 
F        Motor  field  windings. 
R        Adjustable  resistance  for  regulating  voltage  at 

motor       terminals. 
A        Ammeter   for   measuring   current   supplied  to 

motor. 
V        Voltmeter    for    measxu-ing    voltage    at    motor 

terminals. 
S  S       Starting  switch. 

Connections. — As  in  Experiment   XV.,  on  page  148. 

Instructions. — As  in  Experiment  XV.,  on  page  148, 
except  that  it  is  best  to  begin  with  the  maximum  load 
on  the  brake  and  gradually  to  decrease  the  load  until  the 
greatest  safe  speed  of  the  motor  is  reached. 

A  reverse  set  of  readings  should  then  be  taken  with 
increasing  loads. 

It  must  be  remembered  that  a  series  motor  cannot  be 
run  light  at  the  full  voltage.  Care  must  consequently  be 
taken  not  to  remove  the  load  accidentally  during  the 
test. 
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Enter  results  in  the  form  given  for  Experiment  XV., 
page  150. 

The  curves  on  Fig.  50  give  the  results  of  a  test  carried 
out  on  a  2h  h.p.  2-pole  motor,  built  by  Siemens  and 
Halske. 

The  curves  should  be  compared  with  those  on  Fig.  48 
(page  151),  which  apply  to  the  test  of  a  shunt  motor. 

In  this  case  also,  a  curve  comparing  torque  and  current 
with  each  other  should  be  plotted. 

The  great  difference  in  speed  variation  will  be  seen. 
A  shunt  motor  will  not  exceed  a  definite  speed  even 
when  unloaded.  A  series  motor,  if  insufficiently  loaded, 
will  run  at  an  excessive  speed,  and  will  injure  itself  if 
allowed  to  run  entirely  without  load. 

It  is  to  be  noticed  that  the  torque  increases  more 
rapidly  compared  with  the  current  in  the  case  of  a  series 
motor.  This  is  because  an  increase  in  armature  current 
causes  also  an  increase  in  the  excitation  of  the  field 
magnets. 

The  torque  in  a  shunt  motor  increases  in  the  same 
proportion  as  the  armature  current.     In  a  series  motor 
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the  torque  may  increase  more  nearly  as  the  square  of 
the  current,  depending,  however,  on  the  saturation  of 
the  field  magnets.  For  this  reason,  when  running  slowly, 
and  taking  a  heavy  current,  a  series  motor  can  exert  a 
greater  torque  than  a  shunt  motor.  This  is  of  great 
advantage  for  tramway  and  crane  motors. 

This  is  also  shown  by  the  fact  that  the  curve  of 
torque  is,  in  Fig.  50,  no  longer  an'^approximately  straight 
line  passing   through    0,    as    in    Fig.     48,     but    curves 
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Amperes. 
Fig.  51.— Characteristic  of  Series  Mot  jr  at  Constant  speed. 


upwards.  That  is,  the  torque  increases  in  a  higher  pro- 
portion than  the  output  of  the  motor.  This  is  also  true 
of  the  current  curve. 

The  characteristic  features  of  a  shunt  motor  are 
uniform  speed,  torque  proportional  to  output,  and  safety 
against  too  high  speeds, 


156 


EFFICIENCY   TESTS    OF   A    MOTOR. 


The  features  of  a  series  motor  are  heavy  torque  at 
slow  speeds,  variable  speed  tending  to  keep  output 
constant,  danger  of  running  at  an  excessive  speed  with 
light  loads. 

It  will  be  noticed  that  the  efficiency  of  the  series 
motor  remains  high  over  a  considerable  range  of  loads. 

Motor  Characteristic. — A  curve  similar  to  the  characteris- 
tic obtained  for  a  dynamo,  comparing  volts  and  amperes 
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Revolutions  per  minute, 
Fig.  52  .—Speed  Curves  of  a  Series  Motor. 

for  a  constant  speed  of  revolution,  may  also  be  obtained 
for  a  motor.  Wlien  taking  the  readings,  the  motor  speed 
must  be  regulated  by  a  brake,  so  that  alteration  in  the 
voltage  applied  to  the  armature  does  not  alter  the  rate  of 
rotation  of  the  shaft. 

The  voltage  applied  to  the  armature  is  varied  by 
varying  the  resistance  in  series  with  it.  The  diagram  of 
connections  is  consequently  the  same  as  in  Fig.  47  (page 
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149)  for  a  shunt  motor,  and  Fig.   49  (page   153)  for  a 
series  motor. 

For  each  value  of  the  armature  voltage  a  reading 
of  the  current  is  noted. 

In  this  way  the  upper  curve  on  Fig.  51  was  obtained 
for  a  series  motor.  This  corresponds  to  the  external 
characteristic  of  a  series  dynamo  (see  Fig.  30,  page  98). 
In  the  case  of  a  motor  the  internal  characteristic  of  the 
machine  will  be  helow  the  external  curve,  since  the  loss  of 
voltage  due  to  the  resistance  of  the  armature  and  field 
windings  must  be  subtracted  from  the  terminal  voltage  in 
order  to  give  the  true  voltage  generated  in  the  armature. 

The  voltage  generated  in  the  armature  is  the  back 
electromotive  force  of  the  motor,  and  is  got  graphically 
from  the  external  characteristic  by  drawing  the  sloping 
line  shown  at  the  bottom  of  Fig.  51  to  represent  the  loss 
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Fig.  53.  —Speed  Curves  of  Series  Motor. 


3,300 


3,900 


of  voltage  in  the  armature  and  field  windings,  and  sub- 
tracting the  height  of  this  line  from  the  upper  curve.  In 
this  way  the  dotted  curve  marked  "  Back  E.M.F."  is 
obtained  in  Fig.  51. 

Speed  Curves. — ^The  readings  recorded  in  the  curves  of 
Fig.  50  may  also  with  advantage  be  plotted  in  a  different 
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manner,  viz.,  with  the  horizontal  scale  graduated  in 
revolutions  per  minute.  The  curves  so  obtained  are 
called  the  speed  curves  of  the  motor. 

Fig.  52  shows  the  same  results  as  Fig.  50  plotted  in 
this  way.  A  comparison  of  the  two  figures  will  make 
the  method  of  drawing  the  curves  apparent. 

The  speed  for  maximum  efficiency  is  seen  to  be  about 
940  revs,  per  minute  for  the  case  shown. 

It  is  noticeable  that  the  brake  horse-power  output  of 
the  motor  increases  as  the  speed  of  the  motor  becomes  less 
due  to  added  load.  Beyond  the  limit  of  the  curve  shown 
in  Fig.  52  the  brake  horse-power  curve  Avould  reach 
its  maximum,  and  then  rapidly  fall  to  zero  when  the 
speed  becomes  zero.  The  current  rises  more  rapidly  than 
the  output  as  the  speed  decreases,  and  attains  its  maxi- 
mum at  the  point  when  the  speed  becomes  nil. 

The  curves  shown  in  Fig.  52  give  the  full  range  which 
it  would  be  lik-i^ly  to  meet  with  in  practice.  Greater 
speed  on  the  one  hand  would  lead  to  excessive  vibration, 
and  less  speed,  on  the  other  hand,  would  involve  an 
excessive  armature  current. 

In  order  to  show  the  general  form  the  curves  take 
when  traced  out  over  wider  limits,  Fig.  53  is  given,  in 
which  similar  curves  are  shown  taken  with  a  much  smaller 
motor,  which  was  capable  of  standing  very  great  varia- 
tions in  speed  without  injury.* 

Referring  to  Fig.  53,  the  maximum  output  is  reached 
at  1,000  revs,  per  minute,  and  is  seen  to  be  nearly  1  h.p., 
the  current  taken  by  the  motor  being  between  12  and  13 
amperes.  The  efficiency  reaches  its  maximum  at  about 
1,700  revs,  per  minute,  its  value  being  74  per  cent.  At 
this  point  the  output  is  only  65  B.H.P.  At  1,000  revs., 
when  the  output  is  at  its  maximum,  the  efficiency  is  46 
per  cent. 

Consequently  the  maximum  output  occurs  when  the 
motor  is  working  unfavourably  as  regards  efficiency, 
while  the  highest  efficiency  is  reached  when  the  output  of 
the  motor  is  comparatively  low. 

*  The  curves  are  copied  from  a  series  given  in  "  Les  A{i[)lications  M^caniques 
tie  I'Energie  Electrique,"  by  J.  L.affargue. 
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Usually  it  is  advisable  to  work  at  an  intermediate 
speed,  such  as  1,500  revs,  per  minute  for  the  motor  under 
consideration,  where  the  efficiency  would  be  70  per  cent, 
and  the  output  '75  B.H.P.,  thus  striking  a  mean  between 
the  point  of  maximum  efficiency  and  the  point  of  maxi- 
mum output. 

The  most  economical  choice  will  depend  upon  the 
cost  of  electric  power  supplied  to  the  motor,  and  the  use 
to  which  the  motor  is  put.  In  cases  where  a  high  price 
had  to  be  paid  for  current,  it  might  be  advisable  to  work 
nearly  at  the  point  of  maximum  efficiency,  employing  a 
comparatively  large  motor  for  the  output  required. 

In  the  case  of  a  series  motor,  since  the  excitation  is 
not  independently  varied,  we  may  state  the  two  funda- 
mental relations  governing  its  behaviour  in  the  following 
manner  : — 

(1)  In  a  series  motor  the  torque  depends  only  on 
the  current  taken  by  the  machine,  and  is  independent  of 
speed.  In'  a  given  motor  there  will  consequently  be  a 
definite  relation  between  current  and  torque  (see  curves 
of  next  Experiment.). 

(2)  The  back  E.M.F.  of  a  series  motor  depends  only 
on  its  speed.  Consequently  for  a  given  load  the  speed  of 
the  machine  will  increase  in  direct  proportion  to  the 
terminal  voltage.     (See  curves  Fig.  46,  page  141.) 

Comparison  of  Turning  Effort  of  Shunt  and  Scries  Motors. — 
In  the  case  of  a  shunt  motor,  the  excitation 
remains  constant  and  consequently  the  strength  of  the 
field  remains  practically  constant,  irrespective  of  the 
armature  current.  Thus,  since  the  turning  effort  is 
proportional  to  the  product  (armature  current  field 
strength),  the  torque  increases  in  practically  direct  pro- 
portion to  the  armature  current.  In  the  series  motor, 
the  field  increases  with  the  armature  current,  at  a  rate 
depending  on  the  relation  between  excitation  and  magnetic 
flux  (as  showTi  on  the  magnetisation  curve).  Thus  as 
the  armature  current  is  increased,  the  torque  will  vary 
more  rapidly  than  in  simple  proportion  to  the  current 
supplied,  in  the  case  of  a  series  motor.  Since  the  strength 
of  field  will  usually  increase  at  a  slower  rate  than  the 
exciting  current,  the  turning  effort  will  vary  at  some  rate 
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greater  than  that  of  the  current  supplied  to  the  motor 
and  less  than  that  of  the  square  of  the  current. 

The  relation  between  turning  effort  of  a  motor  and 
current  is  independent  of  the  speed  at  which  the  motor 
runs,  and  will  consequently  be  the  same  when  the  motor 
is  stationary.  This  makes  it  possible  to  show  the  relation 
between  torque  and  current  by  a  very  simple  experiment, 
and  thus  to  illustrate  the  statements  just  made. 

Experiment  XVI.  A. — Measurement   of  Static  Torque  of 

A  Motor. 

Diagram  of  Connections. 

Same  as  for  Experiment  XIV.,  Fig.  44,  page  137. 

Instructions. — Connect  a  shunt  motor  to  the  source  of 
supply  through  a  starting  switch,  putting  in  a  variable 
resistance  and  ammeter  in  the  armature  circuit,  and  a 
second  variable  resistance  and  ammeter  in  the  field 
circuit. 

The  motor  armature  must  be  held  stationary  in  such 
a  way  that  the  torque  exerted  by  it  can  be  measured. 
This  can  most  simply  be  done  by  attaching  a  light 
wooden  lever  to  the  shaft  and  maintaining  this  lever 
horizontal  by  means  of  a  spring  balance  hung  from  a 
suspension  with  a  screw  adjustment.  If  the  motor  is 
provided  with  a  pullej^  and  a  lever  cannot  be  easily 
attached,  a  cord  or  band  may  be  hung  over  the 
pulley  and  attached  at  one  end  to  a  scale  pan  for 
weights  or  to  a  spring  balance  anchored  to  the  floor, 
the  other  end  of  the  band  being  fixed  to  a  hole  in 
the  circumference  of  the  pulley,  or  having  weights  sus- 
pended from  it.  With  the  latter  arrangement,  the 
difference  between  the  weights  and  the  reading  on  the 
spring  balance  will  show  the  pull  exerted  at  a  radius  equal 
to  (radius  of  pulley   x  i  thickness  of  band). 

Maintain  the  excitation  of  the  motor  constant  during 
the  experiment.  Gradually  increase  the  armature  current 
by  cutting  out  resistance  in  the  armature  circuit,  and  for 
each  value  of  the  current  read  the  pull  on  the  lever 
(which  must  be  maintained  horizontal)  or  at  the  rim  of 
the  pulley,  if    a    band    is    used.      Errors   due  to  static 
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friction  may  best  be  overcome  by  first  taking  readings 
with  increasing  currents  and  afterwards  with  decreasing 
currents,  and  taking  the  mean  of  the  results  for  a  given 
puU. 

Plot  a  curve  with  armature  current  measured 
horizontally,  and  pull  at  a  constant  leverage  vertically. 
It  is  preferable  to  reduce  the  pull  to  torque  in 
lb. -ft.,  i.e.,  pull  at  a  radius  of  1ft. 

Care  must  be  taken  to  have  the  brushes  in  the  neutral 
position,  so  as  to  reduce  armature  reactions  to  a  minimum.* 

The  experiment  should  then  be  repeated  if  possible 
with  a  series  motor  in  place  of  a  shunt  motor  as  described 
above.  The  connections  will  be  as  showTi  in  Fig.  49, 
page  153.  The  exciting  current  in  this  case  will,  of  course, 
vary. 

Curves  similar  to  those  obtained  as  described  above 
may  be  obtained  while  the  machine  is  running.  The 
curves  obtained  in  this  way  wall  show  a  slightly  lower 
torque  on  account  of  the  running  losses,  which  absorb 
a  portion  of  the  total  torque  due  to  the  armature  current. 

The  following  table  shows  the  manner  of  entering  up 
the  results  of  the  static  torque  test  : — 

STATIC  TORQUE  TEST  OF  MOTOR. 

Observer Date 

MotorNo Type    

Normal  Output H.P.  at volts,  and revs,  per  min. 

Radius  at  which  pull  is  measured inches. 


Armature 
Current. 

Measured  Pull. 

Torque 
in  lb. -ft. 

Excitation. 

Current 
Increasing. 

Current 
Decreasing. 

Mean. 

*  The  neutral  position  may  be  determined  by  running  the  machine  as  an 
unloaded  motor  at  constant  excitation  and  moving  the  brushes  into  the 
positiou  for  minimum  speed,  or  better  still  by  running  the  machine  as  a 
dynamo  and  moving  the  brushes  into  the  positiou  for  maximum  voltage.  The 
position  found  by  the  first  of  these  methods  may  be  slightly  affected  by  the 
no-load  armature  reaction. 
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Ill  Fig.  54  two  curves  are  plotted  fo  '  the  same  machine 
the  curve  marked  "  shunt  "  being  taken  on  the  machine 
with  constant  excitation,  the  curve  marked  "  series  " 
being  obtained  with  the  field  and  armature  in  series. 
In  the  case  of  the  machine  experimented  upon,  the 
magnets  were  provided  with  both  shunt  and  series 
windings,  so  that  it  was  particularly  easy  to  obtain  both 
curves.  It  is,  however,  possible  to  obtain  similar  curves 
from  any  series-wound  motor  by  separately  exciting  the 
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Fig.  54.— Torque  Curves  for  Shunt  and  Series  Motor. 

field  winding  with  a  constant  current  for  the  first  curve, 
and  connecting  field  and  armature  in  series  for  the  second. 

The  curve  comparing  armature  current  and  torque 
for  the  shunt  motor  is  seen  to  be  practically  a  straight 
line  ;  indeed,  it  appears  to  be  accurately  a  straight  line 
with  currents  up  to  about  35  amperes,  which  is  consider- 
ably above  the  full  working  current  of  the  motor. 

For  currents  of  double  the  normal  working  current  and 
more,  the  curve  would  bend  a  little  to  the  right,  i.e.,  the 
increase  in  the  torque  for  a  given  increase  in  armature 
current  is  slightly  less.  In  many  cases  this  effect  will 
be  observed  on  lower  loads  owing  to  the  effect  of 
armature  reaction  or  eddy  currents  when  running.  In  the 
experiment  referred  to  the  brushes  were  carefully  set  in 
the  neutral  position,  so  that  there  should  be  no  demagneti- 
sing action  due  to  the  armature  current. 

In  the  case  of  the  series  motor,  the  curve  up  to  the 
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ordinary  limits  of  working — say  23  amperes — is  seen  to 
resemble  a  parabola  passing  through  the  point  O.  Thus 
the  ordinates  of  the  curve  are  approximately  proportional 
to  the  square  of  the  current.  This  is  owing  to  the  fact 
that  the  torque  is  proportional  to  the  product  of  field 
strength  and  armature  current.  Also  for  low  values  of 
the  exciting  current  the  field  strength  is  proportional 
to  the  current  supplied  to  the  motor,  and  thus  the  torque 
is  proportional  to  the  product  (armature  current)  >; 
(field  current).  Since  the  currents  are  identical  in  the 
case  of  the  series  motor,  the  torque  is  proportional  to  the 
square  of  the  motor  current. 

The  magnets  soon  become  partially  saturated,  and 
the  field  strength  increases  less  rapidly  in  proportion  to 
the  current.  The  effect  of  this  is  seen  in  the  "series  " 
curve  in  Fig.  54  by  the  sloping  of  the  curve  to  the  right. 
Ultimately  the  magnets  would  become  fully  saturated, 
and  the  torque  would  then  increase  only  in  direct  pro- 
portion to  the  armature  current,  the  increased  excitation 
of  the  fields  adding  but  little  to  their  strength.  This 
condition  would  show  itself  to  be  fulfilled  by  the  con- 
tinuation of  the  upper  portion  of  the  "  series  "  curve, 
which  would  at  last  coincide  with  a  straight  line  drawn 
through  the  zero  point,  showing  that  ultimately  current 
and  total  torque  increase  in  the  same  ratio. 

A  point  to  be  noticed  in  connection  with  the  torque 
curve  of  the  series  motor  is  the  comparatively  small 
value  of  the  current  at  which  the  torque  line  becomes 
approximately  straight ;  thus  in  Fig.  54  there  ceases  to  be 
any  great  curvature  in  the  line  after  a  current  of  15 
amperes  is  reached,  showing  that  the  torque  rapidly 
becomes  approximately  proportional  to  the  current. 
Although  the  torque  of  the  series  motor  becomes  higher 
than  for  the  shunt  motor  with  a  given  armature  current 
at  fairly  heavy  loads,  the  difference  between  the  two 
machines  is  less  than  a  superficial  consideration  of  the 
conditions  would  lead  one  to  expect. 

Two  numerical  examples  based  on  the  curves  Fig.  54, 
will  serve  to  illustrate  further  the  relation  between  the 
torque  and  the  factors  which  determine  it,  and  should 
enable  the  student  himself  to  make  such  calculations  of 
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the  relation  between  the  windings  of  a  motor  and  the 
torque  produced  as  he  may  meet  with  in  his  work. 

Comparison  of  Flux  in  Series  and  Shunt  Motor. — Suppose 
that  we  wish  to  compare  the  fluxes  in  the  machine  when 
working  respectively  as  shunt  and  series  motor  on  the 
load  of  ISlbs  at  the  pulley  radius. 

Since  torque  oc    armature  current    x    field   strength, 

the  quotient -should  give  a  number  in  each  case 

current 

proportional  to  the  flux. 

Referring  to  the  curve  Fig.  54, 

For  the  series  motor,  current   =  10*6  amperes. 

For  the  shunt  motor,  current  =    9  amperes. 
Hence,  since  the  armature  torque  is  the  same  for  both 
flux  for  series  _  shunt  current         9 
'  flux  for  shunt       series  current       10-6 

We  are  able  to  check  this  result  because  the  magnetisa- 
tion curve  given  in  Fig.  14,  page  48,  was  taken  on  the 
same  machine  as  the  curves  in  Fig.  54.  We  know  that 
the  volts  given  in  the  magnetisation  curve  are  proportional 
to  the  fluxes  produced  by  any  given  excitation.  When 
run  as  a  shunt  motor  in  the  present  experiment  the 
machine  was  excited  with  1  ampere,  the  number  of  wind- 
ings being  2,800.  On  the  magnetisation  curve  this  is 
seen  to  correspond  to  a  voltage  of  112  on  the  lower  cm-ve 
Fig.  14.  The  lower  curve  is  made  use  of  because  the 
excitation  was  increased  up  to  this  value. 

\Mien  working  as  a  series  motor  on  a  load  of  15lbs. 
the  field  current  was  10' 6  amperes.  The  equivalent  shimt 
current  to  this  as  plotted  in  Fig.   14  would    have    been 

10-6       X       198  __  •  ^1  ^         r      ,r.n 

s"^7^7i =     '^  amperes,  smce  the  current    of    10- 6 

^,800 

amperes  flowed  through  198  turns  forming  the  series 
winding.  The  voltage  on  the  dotted  mean  magnetisa- 
tion curve  corresponding  to  a  shunt  current  of  -75  amperes 
is  seen  to  be  95.1  The  mean  curve  is  taken  in  this  case 
since  the  readings  for  the  series  motor  aie  the  mean  of 
the  values  taken  first  with  ascending  and  then  descending 
currents. 
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Hence  the  ratio  of  the  fluxes  =  ratio  of  two  voltages 
taken  from   the    magnetisation    curve    of    the    machine 

95 

-p^  =  "849  which  is  the  same    as    the  ratio  previously- 
calculated. 

In  a  similar  manner  it  would  be  possible  to  compare 
the  fluxes  (and  consequently  the  torque  of  the  armature) 
when  the  machine  is  working  either  as  shunt  or  series 
machine  with  any  armature  current  and  any  number  of 
ampere-turns  on  the  field. 

Cakulation  of  Torque  from  Magnetisation  Curve  and  Armature 
Current. — From  the  magnetisation  ciu-ve  it  is  possible 
to  calculate  the  armature  current  corresponding  •  to 
any  torque  and  vice  versa.  The  calculated  values  can 
then  be  checked  bv  the  curves  in  Fig.  54  obtained  by 
direct  experiment. 

Employing  the  formula  given  on  page  123, 

NFC 
Torque  in  lb.-ft.  =  y=^-,^ 

Where  N  =  number  of  armature  conductors, 
F  =  number  of  lines  in  field. 
C   =  armature  current. 

We  know  that  when  the  motor  is  running  as  a  d\Tiamo 
the  voltage  is  given  by  the  formula  (see  page  31). 

E  ^    A^i^ri 


hence 


60  X  10' 
N  F      60E 


lO**  n 


where  n   is  the  revs,  per  minute   of  the  armature,  and 
consequently 

NF         C         60E  C 


T  = 


W         8-52  n      ^   8-52 


Thus  by  observing  the  voltage  corresponding  to 
any  excitation  on  the  magnetisation  ciu"ve,  we  can 
calculate  the  torque  for  any  value  of  the  armature  current. 
The  voltage  E  is,  of  course,  the  ••  back-voltage"  of  the 
armature. 
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Torque  of  Shunt  Motor. — In  the  case  of  the  shunt  motor 
for  which  the  torque  curve  is  dra\^^l  in  Fig.  54,  the  excita- 
tion was  1  ampere. 

Referring  to  the  magnetisation  curve  page  48,  the 
voltage  at  1.400  revs,  per  minute  and  this  excitation  is 
seen  to  be  112,  if  we  take  the  lower  (ascending)  magnetisa- 
tion curve.  The  lower  curve  is  taken,  because  this  value 
of  the  shunt  current  was  switched  on  to  the  motor  which 
had  not  previously  been  excited. 

Substituting  in  the  formula  given  above  to  fhid  the 
torque  corresponding  to  a  current  of,  say  20  amperes, 

E  =  112,  O  =  20         n  =  1,400  =speed    of 

machine  at  which  magnetisation  curve  was  taken 

60   X   112  20     _ii.,5ii,_ft 

^    -       1,400       ^     8-52   ~  A^-^1^^-". 

The  radius  of  the  pulley  used  in  the  experiment  was 
4in.  =  lit.,  hence  pull.  =  3  x  11-25  =33-75.  This  is 
seen  to  correspond  fairly  well  with  the  point  on  the 
curve  at  20  amperes,  which  shows  about  33-5  lbs. 

Effect  of  Friction. — In  taking  the  torque  curves 
described  in  the  last  experiment,  it  is  possible  to  obtain 
two  distinct  sets  of  readings,  one  with  the  current 
gradually  increased  from  zero,  and  a  second  series  with  the 
current  decreased  from  a  maximum  value.  The  two 
sets  of  readings  would  form  two  quite  distinct  curves, 
bearing  a  similar  relation  to  one  another  to  that  of  the 
two  magnetisation  curves  in  Fig.  14,  page  48. 

In  the  case  of  the  shunt  curve  in  Fig.  54,  there 
was  a  difference  of  about  4  amperes  between  the 
ascending  and  descending  curves,  the  curve  shown  being 
the  mean  of  these.  The  actual  curves  diverged  slightly 
at  increased  loads,  showing  the  effect  of  increased 
bearing  friction.  The  no-load  static  torque  was 
equivalent  to  the  torque  exerted  by  the  armature  when 
carrying  2  amperes  of  current,  since  the  current  could  be 
gradually  raised  to  2  amperes  before  the  unloaded 
armature  would  begin  to  rotate.  In  order  to  ascertain 
the  relation  between  this  static  torque  and  the^  torque 
required  to  overcome  the  losses  in  the  motor  when 
running  at  normal  speed,  a  similar  curve  to  the  static 


EFFICIENCY    TESTS    OF    A    MOTOR.  167 

torque  curve  in  Fig.  54  was  taken  for  various  loads 
applied  by  a  brake  with  the  machine  running  at 
normal  speed.  It  was  then  found  that  a  practically 
straight  line  again  represented  the  relation  between  torque 
and  current,  but  that  this  line  cut  the  horizontal  axis 
at  the  point  corresponding  to  1  ampere,  showing  that 
even  without  external  load,  one  ampere  was  required  to 
maintain  the  rotation  of  the  armature.  This  showed 
that  the  running  torque  of  the  unloaded  motor  was  prac- 
tically half  that  required  to  start  the  motor  from  rest. 

Compound-wound  Motor. — From  the  curve  given  in  Fig. 
48,  page  151,  it  is  seen  that  the  sj^eed  of  a  shunt-woimd 
motor  decreases  as  the  load  increases,  owing  to  increased 
armature  reactions  and  frictional  losses. 

By  weakening  the  field  of  a  motor  its  speed  is  made 
to  increase.     (Experiment  XIII.,  page  130.) 

By  adding  to  a  shunt  motor  a  series  winding,  so 
connected  that  the  armature  current  flowing  in  it  pro- 
duces a  demagnetising  effect  on  the  magnets,  the  field 
will  be  automatically  weakened  by  a  current  varying  in 
proportion  to  the  load.  By  suitably  choosing  the  number 
of  the  series  windings,  the  motor  may  be  made  to  run  at 
practically  a  constant  speed,  irrespective  of  variations 
of  load. 

Differential  Winding. — For  constant  speed  regulation 
the  series  winding  must  opjjose  the  magnetising  force  of 
the  shunt  windings  ;  if  it  is  made  to  assist  the  main 
winding,  an  increased  variation  of  speed  will  result. 

Determination  of  Number  of  Scries  Windings  for  Constant-Speed 
Regulation. — The  number  of  windings  rec£uired  to  make 
good  a  given  loss  in  speed  at  full  load  may  be 
calculated  from  the  magnetisation  curve  of  the  motor,  in 
a  similar  manner  to  the  calculation  of  the  compoimd 
windings  of  a  dynamo  required  to  give  a  constant  voltage. 
The  increase  of  speed  will  be  proportional  to  the  decrease 
in  the  magnetic  field.  The  magnetisation  curve  shows 
the  number  of  amp:  re-turns  required  to  decrease  the 
total  flux  by  any  given  fraction  of  the  whole. 

Thus,  let  Fig.  14,  page  48,  be  the  magnetisation 
curve  of  the  motor,  and  suppose  that  it  is  found  that 
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the  motor,  when  run  as  a  shunt  machine  and  connected 
to  a  110-volt  circuit,  makes  10  per  cent,  too  few  revolu- 
tions when  h\\ly  loaded.  Consequently,  at  full  load  the 
field  must  be  weakened  by  10  per  cent,  to  keep  the  speed 
constant. 

At  110  volts  the  excitation  is  due  to  -92  x  2,800  = 
2,576  ampere-turns,  since  the  current  is  '92  amperes  and 
the  shunt  winding  has  2,800  turns.  In  order  to  decrease 
the  strength  of  field  by  10  per  cent,  we  must  arrange  to 
decrease  the  effective  ampere-turns  so  as  to  correspond 
to  a  voltage  10  per  cent,  less  than  that  corresponding  to 
the  fully-excited  shunt  winding,  that  is  to  110 — 11  =  99 
volts  on  the  curve  of  Fig.  14. 

This  corresponds  to  an  effective  excitation  of  -8  x 
2,800   =  2,240  ampere-turns. 

Hence  the  reverse  ampere-turns  =  2,576 — 2,240  =  336. 

If  the  full-load  current  is  19  amperes,  the  number  of 

series  windings  required  are  =18  turns. 

In  this  calculation  the  no-load  magnetisation  curve 
has  been  employed.  Strictly,  the  full-load  magnetisation 
curve  of  the  motor  should  have  been  chosen,  so  as  to 
make  allowance  for  the  reactions  in  the  armature.  Also 
at  higher  loads  the  series  field  drop  increases,  thus 
further  decreasing  the  speed. 

With  a  motor  arranged  to  run  with  fixed  position  of 
brushes  the  error  incurred  would  be  very  slight. 

Instead  of  the  magnetisation  curve,  the  curve  obtained 
in  Experiment  XIII.  may  be  used  (see  Fig.  43,  page  132). 

The  speeds  on  the  curve  corresponding  to  any  degree 
of  excitation  will  be  lower  at  full  load  than  shown  on  the 
curve  in  which  the  motor  is  taken  as  unloaded.  The 
curve  may,  however,  be  taken  to  show  what  increase  of 
speed  may  be  expected  from  any  alteration  of  excitation. 

Thus  a  similar  process  to  that  just  explained  may  be 
adopted  in  order  to  determine  the  requisite  number  of 
series  windings  for  any  desired  increase  in  speed. 
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A  more  direct  way  of  experimentally  determining  the 
number  of  windings  necessary  to  increase  the  speed  of  a 
shunt-womid  motor  at  full  load  is  to  proceed  as  follows  : — 

Put  an  ammeter  in  the  exciting  circuit — between  the 
field  terminal  of  the  starting  switch  and  the  field  terminal 
of  the  motor — and  note  the  exciting  current.  This  must, 
of  course,  be  done  with  the  windings  at  the  ordinary 
running  temperature.  Then  insert  an  adjustable  resist- 
ance in  the  exciting  circuit  in  series  with  the  ammeter. 

Load  the  motor  to  its  full  extent,  and  increase  the 
resistance  in  the  shunt  circuit  until  the  motor  runs  at  the 
required  speed.  Note  the  exciting  current  on  the 
ammeter. 

The  ratio  between  the  first  and  second  readings  of 
the  ammeter — that  is,  the  ratio  between  the  normal 
exciting  current  and  the  exciting  current  when  diminished 
by  the  shunt  resistance — is  the  ratio  which  must  exist 
between  the  number  of  ampere-turns  at  no,  load  and  full 
load,  in  order  that  the  motor  shall  be  self -regulating. 

If  the  number  of  shunt  windings  is  known,  the  calcu- 
lation of  the  number  of  series  windings  is  simply  a  matter 
of  proportion  after  the  full-load  current  has  been 
determined. 

If  the  shunt  windings  are  not  known,  the  number  may 
be  estimated  by  one  of  the  methods  described  on  page  56. 

If  the  construction  of  the  motor  allows,  the  series  turns 
may  be  determined  by  trial  with  flexible  cable  wound 
outside  the  magnet  bobbins  to  convey  the  armature 
current,  the  number  of  turns  of  cable  being  varied  until 
the  required  regulation  is  obtained.  Or,  the  current  in  a 
given  number  of  turns  may  be  varied  by  trial  by  means  of 
an  adjustable  resistance  put  in  parallel  with  them. 

Care  must  be  taken  not  to  overload  a  differentially 
compound-wound  motor.  If  the  armature  current  is 
high,  current  in  the  series  winding  may  be  sufficient  to 
overpower  the  shunt  winding  and  weaken  the  field  to  such 
an  extent  that  the  armature  torque  is  not  great  enough  to 
overcome  the  resistance  of  the  load.  The  motor  will  then 
stop,  and  will  take  an  excessive  current  unless  protected 
by  a  fuse  or  cut-out. 
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This  danger  is  especially  to  be  guarded  against  in 
starting  the  motor  while  connected  to  a  heavy  load,  as 
the  demagnetising  current  is  then  likely  to  rise  above  its 
normal  value. 

Cumulative  Winding. — Series  windings  connected  so  as 
to  assist  the  field  due  to  the  shunt  windings  are  some- 
times employed  in  order  that  the  torque  of  the  armature 
may  be  increased  under  heavy  loads,  or  at  starting.  The 
increased  field  when  the  motor  is  heavily  loaded  enables 
the  motor  to-  cope  with  heavy  occasional  loads  without 
being  pulled  up.  The  speed  regulation  is  made  more 
variable,  the  variations  in  speed  becoming  more  like 
those  occurring  with  a  series-wound  motor. 

Comparison  between  Characteristics  of  Shunt  and  Compound 
Motors. — The  following  experiment  is  interesting  and 
instructive  as  an  illustration  of  the  difference  in  the 
behaviour  of  shunt,  cumulatively  compound,  and 
differentially  compound- wound  motors. 

The  compound-wound  motor  to  be  experimented  upon 
is  coupled  to  another  machine  which  is  to  be  used  as  load. 
Th  second  machine  is  separately  excited  with  a  constant 
current,  and  its  brushes  are  kept  stationary  in  the  neutral 
position.  Under  these  conditions  the  torque  to  be  over- 
come by  the  armature  of  the  load  machine  will  be  pro- 
portional to  the  current  taken  from  it.  Thus  by  measur- 
ing simply  the  current  given  out  by  the  generator,  we 
have  a  simple  means  of  comparing  the  turning  effort 
exerted  by  the  motor  for  a  series  of  loads.  It  is  to  be 
noticed  that  the  current  and  not  the  ivatts  output  of  the 
generator  gives  a  measure  of  the  torque  independently 
of  the  speed.  The  method  of  approximately  taking 
account  of  the  turning  effort  required  to  overcome  the 
no-load  losses  of  the  two  machines  is  explained  later  in 
connection  with  the  plotting  of  the  curves  of  results 

Experiment  XVI.  B.— Comparison    of  Speed-load  Curves 
OF  A  Shunt  and  Compound  Motor. 

Connections. — Connect  the  motor  to  the  supply  mains 
through  a  starting  switch.  Couple  it  to  a  generator 
whose  field  is  separate^  excited  from  the  mains  in  series 
with   an   ammeter   and   regulating   resistance.     Connect 
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the  generator  armature  to  a  variable  resistance  in  series 
with  an  ammeter  and  switch. 

Diagram  of  Connections. 


ss 


V\M/V — ^2^ 


Fig.  55. 


Ml  M2    Supply  terminals. 
M        Motor  armature. 
D        Generator  armature. 
Sh,  Se     Motor  shunt  and  series  field  windings. 
F         Generator  field  winding. 
S  S        Starting  switch. 
Rj       Shunt  regulator. 
R        Load  resistance. 
Aj  A.,    Ammeters. 

Instructions. — First  short-circuit  the  series  winding  of 
the  motor,  or  preferably  disconnect  it,  so  that  the 
machine  operates  as  a  pure  shunt  motor.  Start  up  the 
motor  and  excite  the  field  of  the  generator,  keeping  the 
switch  in  the  armature  circuit  open. 

Take  a  reading  of  the  speed  of  the  machines. 

While  maintaining  the  voltage  applied  to  the  motor, 
and  the  excitation  of  the  generator  constant,  close  the 
generator  load  circuit  and  gradually  increase  the  load 
current. 

For  each  value  of  the  current  observe  the  speed. 

After  taking  a  complete  series  of  readings  in  this 
manner,  repeat  the  observations  with  the  series  winding 
of  the  motor  acting,  first,  so  as  to  assist  the  shunt  wind- 
ing and,  secondly,  reversed,  so  that  the  current  in  it 
opposes  the  magnetising  effect  of  the  shunt. 
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The  readings  should  be  entered  in  tabular  form  as 
shown  below,  and  three  curves  plotted  on  the  same  "sheet 
of  squared  paper,  generator  current  being  plotted  hori- 
zontally and  ^speed  vertically,  one  curve  corresponding 
to  each  method  of  field  excitation. 


Speed  of  Motor  r.p.ni. 

Generator  amps. 

Shunt. 

Compound. 

Differential. 

Great  care  must  be  taken  in  the  test  of  the  motor  when 
differentially  wound  to  increase  the  load  very  gradually, 
and  at  the  same  time  to  carefully  watch  the  speed.  If 
the  armature  current  rises  too  high  it  will  cause  the 
series  winding  to  overpower  the  shunt  winding,  when  the 
back  E.M.F.  of  the  motor  will  rapidly  fall  and  the  current 
become  excessive.  As  soon  as  the  speed  shows  signs  of 
rising  rapidly,  the  load  should  be  diminished,  to  avoid 
accidents  due  to  this  cause. 

The  curves  obtained  in  this  way  will  not  start  from 
the  same  point,  since  the  series  winding  of  the  motor  will 
carry  current  tending  to  strengthen  or  weaken  the  field 
even  when  the  generator  gives  out  no  current.  In  order 
to  determine  the  equivalent  of  the  torque  required  to 
drive  the  two  machines  when  rumiing  light  in  terms  of 
generator  current,  the  following  approximate  method  may 
be  adopted.  Disconnect  the  motor  from  the  supply 
mains,  and  with  the  machines  still  coupled  together, 
and  the  generator  excited  to  the  same  extent  as  during 
the  test,  supply  the  generator  with  current,  regulating 
the  voltage  of  this  supply  until  the  machines  run  at  the 
same  speed  as  when  driven  light  by  the  shunt  motor. 
The  current  now  taken  by  the  machine  which  previously 
acted  as  generator  will  be  approximately  the  current 
equivalent  to  the  no-load  losses  of  the  two  machines. 

If  now  this  current  is  added  on  to  each  of  the  previously 
observed  generated  currents,  the  three  curves  should  be 


EFFICIENCY    TESTS    OF   A  MOTOR. 


173 


found  to  start  from  approximately  the  same  point,  and 
the  total  current  will  then  be  proportional  to  the  total 
torque  developed  by  the  armature  of  the  motor. 

The  addition  of  this  no-load  current  may  be  con- 
veniently carried  out  in  the  manner  shown  in  Fig.  56, 
which  shows  the  results  of  a  test  on  a  5  h.p.  110-volt 
2-pole  motor.  The  actual  readings  of  the  generator  out- 
put are  plotted  to  the  right  of  the  vertical  zero  line,  while 
the   no-load   current   required    to   drive   both   machines 


10  0  10  20  30 

Amperes  in  armature  of  generator. 
Fig.  56.— Comparison  of  shunt.  Compound  and  Differentially-wound  Motor.  . 

(in  this  case  9-5  amperes)  is  measured  to  the  left.  Thus 
the  torque  exerted  by  the  motor  in  each  case  was  pro- 
portional to  the  distance  measured  from  the  point  9-5 
amperes  to  the  left  of  the  zero  Une. 

From  the  curves  shown  in  Fig.  56  it  wdll  be  noticed 
that  when  differentially  wound,  the  motor  could  only  be 
loaded  to  a  limited  extent,  although  for  small  loads 
its  speed  remained  very  nearly  constant. 

The  student  will  understand  that  the  foregoing 
experiment  is  rather  a  simple  and  instructive,  although 
not  very  exact,  illustration  than  a  test  of  commercial 
value. 

Transmission  Dynamometers. — In  the  Experiments  XV. 
and  XVI.,  described  above,  the  power  of  the  motor  may 
be  looked  upon  as  the  product  of  two  factors,  viz.,  the 
torque  exerted  by  the  armature  multiplied  by  its  speed 
of  revolution. 
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The  torque   =  (force  exerted,  at  rim  of  pulley)  x  (rad.) 

=  p   X  —lb. -ft. 

where  p  =  pull  in  lbs.  measured  at  rim  of  pulley. 
d  =  diameter  of  pulley  in  feet. 
n  =^  revolutions  per  minute. 

Power  exerted    =  torque    x  angular  velocity 

~    ey     ^   2  TT  71.,  ft.-lbs.  pcr  minutc. 

In  order  to  determine  the  power  of  a  motor  when 
working,  it  is,  therefore,  only  necessary  to  measure  by 
some  means  the  torque  exerted  by  the  armature  and  the 
speed.  It  is  not  necessary  to  absorb  the  power  in  order 
to  measure  it,  as  in  the  experiments  above  described. 

The  speed  of  a  motor  when  performing  its  ordinary 
work  is  easily  measured  by  a  tachometer  or  a  hand  speed 
counter.  The  measurement  of  the  torque  exerted  on  the 
shaft  usually  necessitates  the  use  of  a  special  piece  of 
apparatus  which  is  known  as  a  transmission  dynamo- 
meter, since  it  measures  the  effort  transmitted  by  the 
shaft  or  belt  to  which  it  is  attached. 

Descriptions  of  a  number  of  different  types  of  trans- 
mission and  absorption  dynamometers  will  be  found 
in  Prof.  W.  W.  F.  Pullen's  book  on  "  Experimental 
Engineering."* 

Cradle  Dynamometer. — A  form  of  absorption  dynamo- 
meter in  which  the  action  of  the  motor  fields  upon  the 
armature  is  directly  measured  is  one  which  is  sometimes 
convenient  for  use  in  testing  small  motors,  especially  in 
cases  where  a  number  of  similar  machines  are  to  be  tested. 

In  this  test  the  motor  is  bolted  to  a  small  platform, 
which  is  suspended  on  a  pair  of  knife  edges  fixed  in  a 
suitable  frame,  one  at  each  end  of  the  cradle  in  line  with 
the  motor  shaft,  and  on  a  level  with  the  centre  of  the 
shaft.  The  platform  must  be  rigid,  so  as  to  be  capable 
of  no  motion  except  a  swinging  motion  about  the  axis  of 
the  knife  edges,  which  is  also  the  axis  of  the  motor  shaft. 

*  Published  by  The  Scientific  Publishing  Company,  Manchester.    Price  15s.  net. 
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A  weight  with  a  screw  adjustment  on  the  swinging 
cradle  enables  the  motor  and  cradle  to  be  so  balanced  that 
the  centre  of  gravity  of  the  whole  coincides  with  the  axis 
of  suspension. 

A  cord  is  passed  round  the  pulley  of  the  motor,  its 
ends  being  drawn  tightly  in  opposite  directions,  so  as  to 
produce  a  braking  effect  on  the  pulley,  without  tending 
to  disturb  the  knife  edges. 

On  supplying  current  to  the  motor,  the  field  will  tend 
to  rotate  relatively  to  the  armature.  The  tendency  to 
rotate  is  prevented  by  a  spring  balance,  or  sliding  weight 
acting  on  a  lever  attached  to  the  motor  cradle.  The 
armature  is  allowed  to  rotate,  but  the  torque  set  up 
between  it  and  the  field  is  measured  by  the  moment 
of  the  force  applied  to  the  lever  to  maintain  the  motor 
frame  in  its  original  position. 

The  torque  is  equal  to  the  product  ot  the  weight 
applied  and  its  distance  from  the  centre  of  the  motor 
shaft. 

As  in  the  case  of  the  brake  applied  to  the  motor  pulley 
the  power  is  equal  to 

33^^  horse-power, 

where  p  =  weight  acting  on  lever. 

d  =  distance  of  weight  from  centre  of  shaft.  ^ 
n  =  revolutions  per  minute. 

Dynamo  as  Dynamometer. — An  alternative  method  is 
to  use  a  separate  dynamo  as  a  dynamometer.  The 
dynamo  is  then  fixed  between  centres  or  swung  from 
knife  edges,  and  is  driven  from  the  motor  whose  power  is 
to  be  measured. 

By  means  of  a  lever  and  sliding  weight,  or  a  similar 
device,  the  dynamo  is  kept  absolutely  vertical.  The 
moment  of  the  weight  applied  is  then  equal  to  the  torque 
transmitted  to  its  shaft  by  the  motor. 

The  best  method  of  driving  is  to  couple  the  dynamo 
and  motor  together  direct,  but  this  is  not  always  prac- 
ticable. If  one  machine  drives  the  other  by  a  belt,  it  is 
difficult  to  arrange  the  knife  edges  so  that  the  dynamo 
shall  swing  freely  and  yet  take  up  the  strain  of  the  belt 
properly. 
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A  method  of  driving  the  dynamo  which  offers  several 
advantages  is  to  place  it  below  the  motor,  suspending  the 
dynamo  pulley  from  the  motor  pulley  by  a  short  belt, 
which  supports  the  whole  weight  of  one  end  of  the 
dynamo.  The  other  end  may  either  be  mounted  on  a 
knife  edge  on  a  level  with  the  centre  of  the  shaft,  or  may 
be  similarly  suspended  by  a  belt  passing  over  a  pulley  on 
the  other  end  of  the  shaft  and  running  on  an  idle  pulley 
above  it.  Side  movement  must  be  provided  against  by 
hard  smooth  guides.  The  turning  moment  is  counter- 
acted and  measured  in  the  same  way  as  described  above. 

In  carrying  out  the  test,  the  motor  is  supplied  with 
cui'rent  and  the  electrical  input  is  measured.  The  load  on 
the  motor  is  varied  by  varying  the  current  produced  by 
the  d3niamo,  and  absorbed  by  resistances  /"capable  of 
suitable  variation.  The  great  advantage  of  such  an 
arrangement  is  that  the  power  may  be  absorbed  in 
resistances  placed  at  any  distance  away,  and  troubles 
owing  to  overheating  of  brake  pulleys,  &c.,  are  entirely 
avoided. 

^lethods  of  making  use  of  the  output  of  the  dynamo 
to  assist  in  driving  the  motor  will  be  described  in  dis- 
cussing efficiency  tests  of  dynamos. 


CHAPTER    XI. 

Efficiency  Tests  of  a  Dynamo. 

The  efficiency  of  a  dynamo  is  the  ratio  between  the 
electrical  power  given  out  and  the  mechanical  power 
required  to  drive  the  d^aiamo. 

In  order  to  obtain  this  ratio,  both  quantities  must  be 
expressed  in  terms  of  a  common  unit — usually  the 
horse-power. 

Since  1  H.P.  is  equal  to  746  watts, 

-^rn  •  c  J  Output  of  dynamo  in  watts, 

Emciency  or  dynamo  =  i^-^. — -. — t^--fs =-r7r- 

•^         "^  Drivmg  power  m  H.P.       /46. 

Volts  X  amperes 
=  B.H.P.    <  7-46       P""  '"^^- 

The  methods  of  determining  the  efficiency  of  a  dynamo 
are  of  two  kinds. 

(1)  Methods  in  which  the  driving  power  and  the 
electrical  output  are  both  separately  measured.  These 
may  be  called  the  direct  methods. 

(2)  Methods  in  which  the  losses  occurring  in  the 
dynamo  are  determined  by  electrical  measurements. 
These  losses,  w^hen  added  to  the  output  of  the  dynamo 
give  the  power  supplied  to  it.  These  are  the  indirect 
methods  of  measuring  the  efficiency. 

Direct  Methods  of  Measuring  Efficiency.— Practically  the 
only  difference  between  the  various  tests  of  tliis  class  lies 
in  the  method  of  measurmg  the  power  supplied  to  the 
dynamo. 

The  output  is  always  measured  by  a  voltmeter  and  an 
ammeter.  The  product  of  the  volts  and  amperes  recorded 
gives  at  once  the  output  in  watts. 

If  the  dynamo  is  di'iven  directly  by  an  engine,  it 
would  suffice  to  know  the  power  exerted  by  the  engine. 
This  is,  however,  not  easily  determined.  The  work 
performed  in  the  engine  cylinder  can  be  estimated  from 
indicator  diagrams  with  a  moderate  degree  of  accuracy. 
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Part  of  the  work  determined  in  this  way  is  spent  in  over- 
coming the  losses  in  the  engine  itself,  and  part  only  is 
spent  in  driving  the  djoiamo.  The  mechanical  efficiency 
of  the  engine  can  be  approximately  determined  by  a 
further  experiment,  and  in  this  way  the  power  given  to 
the  dynamo  may  be  estimated. 

Such  a  method  of  determining  the  power  supplied  to 
the  dynamo  would  not  be  nearly  so  accurate  as  the  means 
which  are  available  for  measuring  its  output.  The 
method  cannot  be  considered  satisfactory  where  it  is  the 
efficiency  of  the  dynamo  alone  which  is  to  be  determined, 
and  not  the  efficiency  of  the  combined  plant. 

A  method  capable  of  giving  more  accurate  results, 
and  at  the  same  time  simpler  in  use,  when  once  installed, 
is  that  of  introducing  a  transmission  dynamometer 
between  the  driving  and  driven  machines. 

The  force  exerted  by  one  machine  on  the  other  can 
then  be  directly  measured.  Simultaneous  readings  of  the 
speed  enable  the  horse-power  transmitted  to  be  calculated. 

Transmission  dynamometers  are  of  many  types,  some 
being  coupled  to  the  shaft,  and  others  measuring  the 
tension  of  a  transmission  belt.  They  are  less  frequently 
found  in  test  houses  than  they  ought  to  be. 

Dynamo  Driven  by  Motor  of  Known  Efficiency. — The  power 
supplied  to  a  motor  when  doing  work  is  very  easy 
to  measure.  If  the  efficiency  of  the  motor  is  known,  the 
power  exerted  by  it  is  capable  of  easy  and  exact  measure- 
ment. If  such  a  motor  is  used  to  drive  the  dynamo  to  be 
tested,  the  driving  power  and  electrical  output  can  be 
measured  with  equal  accuracy. 

The  driving  motor  may  be  tested  for  efficiency  by  the 
usual  brake  test  (Experiment  XV.,  page  148).  The  test 
must  be  carried  out  with  the  motor  working  under  as 
nearly  as  possible  the  same  conditions  as  when  subse- 
quently driving  the  dynamo.  The  motor  may  also  be 
tested  by  one  of  the  indirect  methods  described  later. 

Usually  the  efficiency  of  the  dynamo  will  be  required 
while  running  at  a  given  speed  and  giving  out  any 
currents  varying  between  zero  and  some  value  above  its 
normal  working  load.  The  test  of  the  motor  should  in 
that  case  be  carried  out  at  a  constant  speed  equal  to  the 
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speed  at  which  it  will  run  when  driving  the  dynamo. 
The  brake  load  on  the  motor  must  be  varied  throughout 
the  necessary  range,  the  speed  being  regulated  by  a 
suitable  resistance  in  the  field  circuit. 

If  the  dynamo  is  to  be  tested  at  various  speeds,  the 
efficiency  of  the  motor  must  similarly  be  first  determined 
at  the  same  speeds. 

The  method  of  coupling  the  dynamo  to  the  motor 
may  introduce  an  error  of  which  it  is  difficult  to  determine 
the  magnitude. 

If  the  shafts  of  the  machines  are  rigidly  coupled 
together,  increased  friction  in  the  bearings  is  almost 
certain  to  result.  It  is  usually  most  convenient  to 
provide  the  machines  with  pulleys,  and  to  adopt  a  belt 
drive.  The  tension  of  the  belt  will  cause  an  uncertain 
increase  in' bearing  friction,  and  the  friction  and  bending 
resistance  of  the  belt  on  the  pulleys  will  be  the  cause  of  a 
further  loss.  Under  favourable  circumstances,  with  a 
fairly  long  horizontal  drive  and  a  well-used,  uniform,  and 
fiexible  belt,  these  losses  may  be  made  very  small. 

The  best  method  of  coupling  is  to  connect  the  shafts 
through  a  flexible  coupling,  the  driving  force  being  trans- 
mitted by  leather  links  or  indiarubber  springs,  so  that  a 
slight  relative  motion  of  the  shafts  is  always  possible,  and 
the  friction  on  the  bearings  of  either  machine  is  neither 
increased  nor  decreased  by  the  shaft  of  the  other,  since 
each  bearing  is  allowed  to  take  the  full  weight  of  its 
own  shaft. 

Where  frequent  tests  have  to  be  made  on  similar 
machines,  the  simplest  method  is  often  to  couple  the 
machines  in  turn  to  a  motor  whose  efficiency  has  been 
carefully  determined  and  recorded  in  the  form  of  curves 
applicable  to  all  the  speeds  and  loads  required. 

Indirect  Methods  of  Measuring  Efficiency. — Since  the  jiower 
supplied  to  a  dynamo  is  the  sum  of  its  useful  output 
and  the  power  lost  in  the  dynamo,  it  is  sufficient,  in  order 
to  determine  the  efficiency,  to  make  measurements  of  the 
output  and  of  the  lost  power. 

Efficiency  per  cent. 

Useful  power  given  out 


Fower  given  out  +  power  lost 


100 
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Efficiency  Test  of  Two  Coupled  Dynamos. 

For  this  method  of  testing,  two  similar  machines  are 
necessary.  At  a  manufacturer's  works  tliis  is  usually  no 
serious  disadvantage,  since  it  is  usual  to  build  more  than 
one  machine  at  once  of  a  given  type  and  size,  or  a  machine 
of  approximately  the  same  size  as  the  one  to  be  tested 
can  usually  be  employed  temporarily. 

The  shafts  of  the  two  machines  are  coupled  together. 
This  is  usually  done  by  standing  the  machines  in  line 
with  one  another  and  joining  the  shafts  by  a  flanged 
coupling,  or  preferably  by  a  flexible  coupling.  Some- 
times the  machines  are  placed  at  some  distance  apart,  and 
one  drives  the  other  by  a  belt  passing  over  equal-sized 
pulleys  on  the  shafts  of  the  two  machines.  In  this  case 
an  additional  loss  of  power  is  introduced  in  the  friction 
due  to  the  belt,  also  the  speed  of  the  driving  machine  will 
be  slightly  higher  than  that  of  the  driven  one,  owing 
to  the  slip  of  the  belt.  The  terminals  of  one  machine  are 
connected  to  those  of  the  other. 

One  machine  is  then  supplied  with  current,  and  made 
to  act  as  a  motor  and  drive  the  other.  The  current 
generated  by  the  second  machine  is  supplied  to  the  first. 
In  this  way  one  machine  is  made  to  act  as  a  generator 
and  produce  most  of  the  current  required  for  driving 
the  other,  which  acts  as  a  motor.  The  motor  in  turn 
supplies  most  of  the  power  necessary  to  drive  the 
generator. 

Since  there  will  be  losses  in  both  machines,  a  small 
amoimt  of  power  from  an  external  source  must  be  supplied 
to  keep  the  machines  running.  This  power  will  only  be 
the  amount  required  to  make  up  for  the  losses  occurring 
in  the  tAvo  machines.  The  machines  can  in  this  way  be 
made  to  work  at  fuU  load,  while  only  requiring  a  relatively 
small  supply  of  power  from  an  external  source  to  enable 
the  test  to  be  carried  out. 

Large  machines  can  in  this  way  be  tested  at  all  loads 
mthout  taking  heavy  currents  from  the  supply  mains. 
This  is  often  a  matter  of  great  importance. 

The  losses  occurring  m  the  two  machines  at  any  load 
are  equal  to  the  power  supplied  to  them  in  order  to  keep 
them  ruiming  at  this  load. 
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The  methods  of  testing  under  consideration  are  due 
in  the  first  place  to  Dr.  Hopkinson  (see  Phil.  Trans., 
1886,  ii.  347),  but  various  modifications  have  been 
introduced  in  order  to  simplify  the  observations. 

Two  Coupled  Machines  Connected  in  Parallel.. — Various 
methods  of  supplying  the  additional  power  have  been 
suggested  ;  the  following  method  of  connection  to  an 
external  source  of  current  will  m  general  be  found  the 
most  convenient.  It  is  practically  the  method  proposed 
by  Kapp. 

The  machines  are  connected  in  parallel  with  each 
other  to  power  mains  giving  voltage  equal  to  that  of  the 
dynamos  running  at  normal  speed. 

The  output  of  the  dynamo  is  measured  by  an  ammeter 
and  voltmeter,  and  is  supplied  direct  to  the  motor. 

The  power  supplied  from  the  mains  is  similarly 
measured.  The  power  given  to  the  motor  is  thus  the 
sum  of  the  dynamo  output  and  the  power  supplied  from 
the  mains. 

The  combined  efficiency  of  the  two  machines  is 
Output  of  dynamo 
Input  to  motor. 

The  joint  efficiency  of  the  two  machines  is  the  product 
of  the  efficiency  of  each  macliine. 

Since  the  machines  are  of  the  same  type  and  size, 
their  efficiencies  should  be  approximately  equal.* 

Accordingly,  it  may  be  assumed  that  the  efficiency  of 

either   is   the    square   root    of   the    combined   efficiency 

determined  by  the  experiment. 

mi  £c  ■  £       1  1  •  /Output  of  dynamo. 

Ihus,  emciency  of  each  machme   =    /    ^  ^ ^ 

^/    Input  to  motor. 

It  should  be  noted  in  connection  with  this  method  of 
testing,  that  the  loss  of  power  is  measm*ed  directly,  and 
is  a  quantity  of  small  dimensions  compared  with  the 
output  of  the  machines  under  test. 

*  This  will  not  be  exactly  true  even  in  the  case  of  two  machines  which  are 
absolutely  Identical,  since  the  efficiency  of  a  machine  when  operating  as  a 
motor  will  be  less  than  when  woikins  as  a  generator.  Also  the  excitation  of  one 
of  the  machines  is  below  the  normal.  The  error  introduced  by  this  fact  would 
make  the  efficiency  of  the  machines  appear  slightly  lower  than  its  true  valuf 
when  working  as  dynamos.  In  most  cases  this  error  would  be  negligible  when 
carried  out  as  a  commerci^il  test. 
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Consequently,  an  error  of  small  percentage  made  in 
this  measurement  will  be  exceedingly  small  compared 
with  the  output  of  the  machines,  and  will  only  affect  the 
value  of  the  total  efficiency  to  a  correspondingly  small 
extent. 

In  carrying  out  the  test,  the  machines  are  connected 
to  mains  giving  approximately  the  normal  voltage  of  the 
machines. 

Sincef  both  machines  are  comiected  to  an  external 
source  of  supply  (see  Fig.  57)  during  the  experiment,  they 
would  both  tend  to  run  as  motors  and  take  current 
equally.  In  order  to  make  one  act  as  a  motor  and  drive 
the  other,  a  variable  resistance  is  inserted  in  its  field 
circuit.  Tliis  resistance  weakens  the  field  of  this  macliine, 
and  it  consequently  tends  to  run  faster  than  the  other. 
(See  Experiment  XIII.,  page  130)  Bj^  varying  the  field 
resistance,  the  power  exerted  by  the  motor  upon  the 
dynamo  can  be  varied.  The  power  given  out  by  the 
dynamo  will  Yary  concurrently. 

Experiment  XVII. — Deteriviinatiox  of  the  Efficiency 
OF  Two  Coupled  Dynamos  or  Motors  Connected 
in  Parallel. 

Connections. — Couple  the  two  machines  together 
mechanically. 

Connect  one  machine  to  the  supply  mains,  or  other 
source  of  current  having  a  voltage  equal  to  the  normal 
voltage  of  the  dynamos  to  be  tested,  through  a  starting 
switch,  putting  an  adjustable  resistance  in  series  with  the 
field  winding,  and  an  ammeter  in  the  armature  circuit. 

Connect  the  armature  terminals  of  the  second  machine 
to  those  of  the  first  one,  insertmg  an  ammeter  in  one 
of   the  connections. 

Connect  the  field  windings  of  the  second  machine 
separately  to  the  mains,  and  connect  a  voltmeter  to  the 
armature  terminals. 

tin  the  arrangement  described  below  the  power  lost  in  the  machines  is 
supplied  from  the  mains.  In  some  cases  it  is  more  convenient  to  use  a  battery 
or  small  auxiliary  machine  for  this  purpose.  In  the  original  description  by 
Hopkinson  the  power  was  supplied  in  the  form  of  mechanical  energy  by  a  small 
steam  engine. 


efficiency  tests  of  dynamos. 
Diagram  of  Connections. 
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Fig.  57.— Efficiexcv  oi-  Two  Sijiilar  Machines  (.'oupled  TO'^etiiku. 

Mj  M,  Supply  mains. 

D  Armature  of  machine  running  as  generator. 

M  Armature  of  machine  running  as  motor. 

Fj  Fj  Field  windings  of  the  two  machines. 

R  Variable  resistance  for  weakening  motor  field. 

Aj  Ammeter  indicating  output  of  generator. 

A.,  Ammeter  indicating  current  supplied  from  mains. 

V  Voltmeter    indicating    voltage    at    terminals    of 

machines. 

S  S  Starting  switch. 

Instructions — Begin  with  the  shunt  resistance  R  cut  out. 
Start  the  motor  by  switching  the  starting  switch  over 
slowly.  Both  machines  will  then  be  driven  as  motors, 
and  the  reading  of  ammeter  A,  should  be  half  that  of 
A2,  indicating  that  the  machine  D  is  taking  half  the 
current  supplied. 

Gradually  increase  the  resistance  R.  The  readings  of 
Aj  will  fall,  while  those  of  A^  will  remain  approximately 
constant. 

When  Aj  reads  zero,  the  machine  D  will  be  generating 
just  sufficient  electromotive  force  to  balance  that  of 
the  mains. 

The  reading  of  A,  will  then  be  the  current  necessary 
to  run  both  machines  at  no  load. 

On  increasing  R  further,  the  current  through  Aj  will 
be  reversed,  since  D  will  now  begin  to  supply  current, 
instead  of  receiving  it. 
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Gradually  increase  R  until  A^  registers  the  full  load 
current  of  the  machines. 

For  each  value  of  the  resistance  read  the  load  current 
on  Ap  the  loss  current  on  A^„  and  the  voltmeter  V.  Note 
also  the  speed. 

The  speed  of  the  machines  should  be  kept  approxi- 
mately constant  during  the  test.  This  will  usually  present 
little  difficulty,  but  in  some  cases  it  may  be  necessary  to 
vary  the  applied  voltage  slightly  in  order  that  the  correct 
speed  may  be  maintained  with  full  load. 

Enter  results  as  in  the  following  table  : — 

DETERMINATION  OF  THE  EFFICIENCY  OF  TWO  COUPLED 

DYNAMOS    WITH    ARMATURES    CONNECTED 

IN  PARALLEL. 

Observer Date 

Dynamo  Nos and Type    

Normal  outimt volts amps,  at revs,  per  minute. 

Normal  excitation amps.   =  /. 


Geneiatoi 
Armature 
Current 

=  0l 


Generator 
Volts 


Power 

given  by 

Generator 

=;=  C-.XV 


Current 
from 
Mains 


Total 
input  to 
Machini-s 

=  (Ci+<;o+2/)« 


Effici- 
ency 

of 
Pair. 


Efficiency 
of  each 
Dynamo. 


Plot  a  curve  showing  the  dependence  of  efficiency  upon 
current  generated,  plotting  the  output  of  the  generator 
horizontally  in  amperes  and  the  efficiency  per  cent, 
vertically. 

Both  the  joint  efficiency  of  the  two  machines  taken 
together,  and  the  square  root  of  this,  representing  the 
efficiency  of  each  machine,  should  be  plotted. 

This  is  shown  in  Fig.  58,  the  upper  curve  showing 
directly  the  efficiency  of  a  single  machine  at  various  loads. 

It  is  to  be  noted  that  in  the  system  of  connection 
sho\^Ti  in  Fig.  57  only  the  armature  currents  are  read. 
In  order  to  obtain  the  efficiency  of  the  machines,  the 
normal  exciting  current  of  both  should  be  added  to  the 
armature-loss  current  obtained  directly  by  measurement. 
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Tliis  course  is  better  than  arranging  the  ammeters 
to  read  the  total  (field  and  armature)  current  actually 
supplied    to    the    machines    while    undergoing    the    test, 


80 


60 


«    40 


20 


10 

Amperes. 
Fig.  58.—  Efficiency  of  Two  Coupled  Dtnamos. 

since  their  excitations  are  not  equal,  and  that  of  the  motor 
is  not  of  the  normal  value. 

The  current  entered  in  the  fifth  column  of  the  annexed 
table  is  thus  only  the  armature  current  C,  as  read  on 
ammeter  A,,  representing  the  armature  and  friction 
losses  of  both  machines. 

The  power  supplied  to  the  motor  armature  is 
(Oj  +  C,)  V  ;  by  adding  to  this  the  normal  field  losses 
in  both  machines,  we  have  the  total  input  required  to 
make  good  the  normal  running  losses  and  provide  the 
actually  measured  output  C\  v.  Column  6  show^s  this 
total  input,  while  column  7  gives  the  joint  efficiency  of 
the  two  machines  obtained  by  dividing  output  by  input. 

Joint  efficiency  =  y^ — ^^^  ^^     =~^ — ^^ ~ 
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The  last  column  shows  the  efficiency  of  each,  and  is 
obtained  by  taking  the  square  root  of  the  figures  in  the 
preceding  column 

Two  Coupled  Dynamos  Connected  in  Scries. — In  the  test 
just  described,  the  current  generated  by  one  machine 
is  used  for  driving  the  other  machine,  which  acts  as  a 
motor.  Owing  to  the  losses  occurring  in  the  two  machines, 
the  current  generated  in  the  armature  of  the  generator 
is  not  able  to  supply  all  the  current  required  to  drive  the 
motor.  The  additional  current  required  to  drive  it  is 
supplied  from  an  external  source.  The  losses  occurring 
in  the  sj^stem  are  consec[uently  measured  by  the  amount 
of  additional  current  required  by  the  motor. 

Exj^eriments  in  which  machines  are  coupled  together, 
so  that  one  machine  supplies  part  of  the  power  required 
to  drive  the  other,  may  be  carried  out  in  a  considerable 
number  of  other  ways. 

One  other  method  will  be  given,  which,  although  not 
so  easy  to  carry  out  as  that  just  described,  may  be  made 
to  give  more  reliable  results  in  the  hands  of  a  capable 
observer.  It  should  not  be  attempted  until  the  preceding 
method  has  been  thoroughly  mastered. 

The  following  experiment  has  the  advantage  over 
Experiment  XVII. ,  that  the  current  in  the  armatures  of 
the  two  machines  is  always  the  same  in  both.  Armature 
losses  and  reactions  are  consequently  assumed  to  be 
equal  with  more  accuracy.  In  Experiment  XVII.  the 
motor  armature  always  carries  more  current  than  the 
generator  armature,  and  the  losses  in  the  motor  must  be 
greater,  although  they  are  assumed  in  the  final  calculation 
of  efficiencies  to  be  the  same  in  both  machines. 

In  the  following  experiment,  as  in  the  last,  power  is 
supplied  from  an  external  source  to  make  good  the  losses 
in  the  two  machines  and  enable  them  to  run.  In  this 
case  the  two  armatures  are  connected  in  series,  and 
this  extra  power  is  supplied  in  the  form  of  current  equal 
in  amount  to  the  output  of  the  generator,  but  at  a  lower 
voltage.  In  the  previous  experiment  the  machines  were 
coupled  in  parallel  instead  of  in  series,  and  the  extra 
power  consisted  of  a  supply  of  current  at  practically  the 
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same  voltage  as  that  of  the  machines  being  tested,  but ' 
small  in  amomit. 

The  chief  difference  between  Experiments  XVII.  and 
XVIII.  lies  in  the  fact  that  in  Experiment  XVII.  the 
lost  power  is  supplied  from  an  external  source  capable  of 
giving  a  small  current  at  the  full  voltage  of  the  machines 
to  be  tested  ;  whereas  in  Experiment  XVIII.  the  power 
supplied  is  of  low  voltage,  but  of  the  same  current 
strength  as  the  machines  under  test.  In  Experiment 
XVII.  the  two  machines  are  supplied  from  the  external 
source  in  parallel.  In  Experiment  XVIII.  the  machines 
are  connected  in  series  with  each  other,  and  with  the 
source  of  supply. 

The  connections  for  the  experiment  are  shown  below 
(Fig.  59),  the  machine  M  acting  as  a  motor  to  drive  the 
machine  D,  which  acts  as  a  generator  and  contributes  to 
the  supply  of  power  given  to  the  armature  of  M.  It  will 
be  seen  that  the  two  armatures  are  connected  in  opposi- 
tion, brushes  of  the  same  polarity  (marked  +  in  the 
figure)  being  joined  together. 

In  consequence  of  this  method  of  connection  the  — 
brush  of  the  generator  D  is  shown  to  be  connected  to  the 
+  terminal  of  the  source  of  supply.  The  generator  .is 
thus  connected  in  series  with  the  supply  source  in  such  a 
way  as  to  add  its  voltage  to  that  of  the  source.  Con- 
sequently the  voltage  available  at  the  terminals  of  the 
machine  M  is  the  sum  of  the  voltages  of  D  and  of  the 
source  of  supply. 

It  must  be  observed  that  in  this  experiment  it  is  the 
machine  with  the  more  strongly  excited  field  which  acts 
as  motor.  This  is  the  reverse  of  what  occurred  in  Experi- 
ment XVII.,  where  the  machine  whose  field  was  weakened 
took  more  current  and  acted  as  motor.  The  reason  for 
this  difference  arises  from  the  fact  that  in  the  present 
case  the  current  in  both  armatures  is  necessarily  the 
same  ;  also  from  the  way  in  which  the  machines  are 
connected  they  will  try  to  rotate  in  opposite  directions. 
It  is,  therefore,  the  machine  which  can  exert  the  stronger 
turning  effort  which  will  determine  the  direction  of 
rotation,  and  drive  the  other  machine.  The  stronger 
torque  is  obviously  exerted  by  the  machine  having  the 
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more  strongly  excited  magnets,  since  the  armature 
current  is  the  same  in  both.  It  is  this  machine  which 
becomes  the  motor,  and  drives  the  other  as  a  generator. 

Experiment  XVIII. — Deter^hnation  of  the  Efficiency 
OF  Two  Coupled  Dynamos  with  Armatures  Con- 
nected IN  Series. 

Diagram  op  Connections. 


MiO- 


FiG    .09— Diagram   of   Connections   of   Two  Coupled   Dynamos  Connected 
IN    Series. 

1 M.^*  Supply    mains,     or    terminals     of     auxiliary 

machine. 
D  Armature  of  machine  acting  as  generator. 

M  Armature  of  machine  acting  as  motor. 

F  .  F._,       Field  windings  of  machines. 
Ri  Adjustable  resistance  for  regulating    voltage 

of  supply. 
R,  Adjustable    resistance    for    regulating     field 

excitation  of  machine  D. 
A  Ammeter  for  measuring  load  current. 

Vi  Vj       Voltmeters  for  measuring  voltage  of  the  two 

machines. 
S  Switch  for  breaking  generator  exciting  circuit. 

S  S  Starting  Switch. 

*  The  diagram  (Fig.  59')  shows  the  connections  which  are  most  convenient 
for  carrying  out  the  te^t  on  small  machines  where  the  power  is  derived  directly 
from  the  mains,  and  economy  in  the  power  used  is  not  important.  Some  modifi- 
cations to  be  adopted  in  carrying  out  the  tests  on  a  larger  and  more  economical 
scale  are  given  later. 
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Connections. — Connect  the  armatures  of  the  two 
machines  in  series  with  each  other  and  with  the  auxiliary- 
machine,  or  other  source  of  supply,  which  is  to  provide  the 
additional  power.  Insert  in  the  same  circuit  an  ammeter 
and  variable  resistance. 

Connect  the  field  windings  of  both  machines  to  a 
source  of  current  having  sufficient  voltage  to  supply  the 
normal  exciting  current  to  the  windings.  The  windings 
of  the  machines  must  be  connected  to  the  source  in 
parallel  so  that  the  current  in  each  can  be  regulated 
independently  of  the  other. 

In  the  exciting  circuit  of  the  machine  which  is  to  act 
as  generator  insert  an  adjustable  resistance. 

Connect  a  voltmeter  to  the  terminals  of  each  machine. 

In  connecting  up  the  machines,  care  must  be  taken  to 
join  together  terminals  of  the  same  polarity.  If  the 
machines  are  wrongly  joined,  they  will  both  tend  to 
rotate  in  the  same  direction,  and  will  both  act  as  motors 
dividing  up  the  voltage  of  the  source  of  supply  between 
them  approximately  in  proportion  to  their  exciting 
currents. 

To  test  the  correctness  of  the  connections  (if  this  is 
not  easily  ascertainable  by  an  inspection  of  the  machines) 
a  voltmeter  of  the  permanent  magnet  type  may  be 
employed.  This  should  show  deflections  in  the  same 
direction  when  one  of  its  terminals  is  connected  to  the 
conductor  joining  the  machines,  and  its  other  terminal  is 
connected  alternately  to  the  opposite  terminals  of  the 
two  machines. 

In  carrying  out  the  test  on  large  machines  it  will 
not  generally  be  possible  to  use  a  single  starting  switch 
for  armature  and  field  current,  as  shown  in  Fig.  59.  In 
such  cases  the  voltage  required  for  the  excitation  will  be 
considerably  higher  than  that  necessary  for  the  armature 
circuit.  It  would  be  very  wasteful  to  absorb  the 
difference  in  voltage  in  a  resistance,  as  shown  in  the 
figure  at  R^.  In  carrying  out  the  test  on  a  commercial 
scale  it  is  therefore  usual  to  excite  the  fields  from  a 
convenient  source — say  the  power  circuit  of  the  test  house 
— and    to    employ   a    variable-voltage    motor-generator 
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or  boosterf  to  supply  the  current  for  the  armature  circuit. 
The  voltage  of  the  source  supplying  the  armature  circuit 
is  then  regulated  by  means  of  a  resistance  in  the  auxiliary 
generator  or  booster  field,  instead  of  by  the  resistance  Rj 
in  the  circuit  of  the  machines  tested. 

Instructions. — Commence  supplying  current  to  the  two 
machines  with  the  switch  S  in  the  field  of  the  generating* 
machine    open.  Machine   M   will   be   driven   by   the 

current,  its  speed  depending  on  the  voltage  applied. 
The  armature  of  machine  D  will  merely  act  as  part  of 
the  circuit,  carrying  the  current  but  not  offering  any 
resistance  to  the  rotation.  J 

Adjust  R^,  to  its  maximum  value  (which  should  be 
several  times  the  resistance  of  the  field  winding),  and  then 
close  S.  Machine  D  will  at  once  begin  to  generate,  adding 
its  voltage  to  that  already  supplying  M.  Consequently 
M  will  immediately  increase  its  speed  as  a  result  of  the 
increased  voltage  at  its  terminals. 

The  voltage  of  the  supply  should  now  be  regulated 
until  the  machines  run  at  their  normal  speed.  When  this 
is  arranged,  the  ammeter  and  both  voltmeters  are  read. 

By  giving  to  R.,  a  succession  of  different  values,  and 
regulating  the  supply  voltage  in  each  case  until  normal 
speed  is  attained,  a  series  of  readings  will  be  obtained, 
each  reading  corresponding  to  a  different  value  of  the 
output  current  of  the  generator. 

In  each  case  the  output  of  the  generator  is  obtained 
in  watts  by  multiplying  the  armature  voltage  by  the 
current.  Similarly,  the  power  supplied  to  the  motor  is 
the  product  of  its  armature  voltage  and  the  current. 
Consequently,  the  combined  efficiency  of  the  two  machines 
is  given  by  the  fraction 

(Main  current)  <  (voltage  of  generator)  _  voltage  of  D 
(Main  current)  x  (voltage  of  motor)  voltage  of  M 

As  explained  in  the  case  of  Experiment  XVII.,  the 
efficiencj'  of  each  machine  is  the  square-root  of  the  com- 

tThe  method.s  of  operation  of  a  motor-generator  and  booster  are  described 
later.     (Experiments  XXVO.  to  XXIX.) 

t  Under  these  conditions  a  slight  negative  deflection  may  be  observed  on  the 
voltmeter  Vj,  due  to  the  fall  of  voltage  experienced  by  the  current  in  flowing 
through  tlie  resistance  of  the  armature  of  D. 
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bined  efficiency  if  the  efficiencies  of  the  two  machines  are 
equal.     Consequently  we  may  write 


Effic 


/V, 


iency  of  each  machine  =  A/-y' 

where  F,  V.,  are  the  voltages  of  the  motor  and  generator 
respectively. 

In  this  calculation  the  losses  due  to  the  current  spent 
in  excitation  is  not  taken  into  account.  As  in  the  previous 
experiment  it  is  better  to  calculate  this  separately  in 
order  to  obtain  the  efficiency  under  normal  conditions  of 
excitation.  The  amount  of  power  spent  in  the  excitation 
of  each  machine  under  normal  conditions  of  working  is 
the  product  of  the  exciting  current  (in  amperes)  multiplied 
by  the  voltage  at  which  it  is  supplied  to  the  field  winding. 

Hence,  in  order  to  allow  for  this  loss,  we  must  consider 

the  total  power  supplied  to  drive  two  machines  to  be 

equal  to  C  V^+2  f  V,  and  consequently, 

C  V, 
Efficiency  of  2  machines  =  j^-^ '     „ 

Where  C  =  armature  current. 

/  =  normal  exciting  current. 

F  =  normal  voltage  of  excitation. 

.-.  Efficiency  per  cent,  of  each  machine 


=  V; 


C  F, 


100 


CV,  +  2fV 
Tabulate  results  as  in  the  following  table  :— 

DETERMINATIOX     OF     EFFICIENCY     OF     TWO     COUPLED 
DYNAMOS  WITH  ARMATURES  CONNECTED  IN  SERIES. 

Observer Date 

Dynamos  Nos ami  Type 

Normal  Output volts amps.,  at revs,  per  minute. 

Normal  exciting  current amps. 


Output 
Current 

Motor 

Voltage 

=  ^'i 

Generator 
Voltasie 

Watts 
supplied  to 
Macliines 
=  CFi+2/r 

Watts  out- 
put of 
Generator 

Combineil 
Effifiencv 
CV., 

Efficiency 

of  each 
m  icliine  = 

-  c 

^  c  v\+2f  r 

-  CFi+2/K 

192  EFFICIENCY    TESTS    OF    DYNAMOS. 

Two  curves  should  be  plotted  from  the  results 
recorded,  viz.,  one  curve  showing  the  variation  of  the 
combined  efficiency  of  the  machines  with  the  current 
output  of  the  generator  ;  and  one  curve  showing  the 
variation  in  the  efficiency  of  a  single  machine.  In  each 
case  the  armature  current  should  be  plotted  horizontally 
and  the  efficiency  measured  vertically.  The  results  will 
be  similar  to  those  shown  on  Fig.  58, 

The  special  difficulties  to  be  met  with  in  carrying  out 
this  experiment  are  due  to  the  difficulty  in  regulating  the 
speed  of  the  machines,  so  that  they  may  give  the  desired 
current  at  the  normal  speed.  A  very  slight  alteration  to 
the  generator  field  will  in  some  cases  cause  a  very  great 
change  in  speed  and  current,  which  it  is  extremely 
difficult  to  bring  back  to  their  normal  value. 

Except  for  the  comparatively  small  variations  in  the 
armature  reactions  of  the  motor,  the  speed  would  be 
proportional  to  the  voltage  Vi  of  the  motor  armature. 
Consequently  the  readings  of  Vi  should  be  kept  nearly 
constant,  increasing  slightly  at  the  higher  loads.  This 
forms  a  guide  in  adjusting  the  resistance  R.,  in  the 
generator  field. 

Although  of  very  great  practical  use,  both  of  the 
Hopkinson  tests  described  in  Experiments  XVII.  and 
XVIII.  have  the  disadvantage  that  the  fields  of  the 
machines  are  unequally  excited,  and  consequently  the 
iron  losses  are  not  equal  in  the  two  machines,  and  are  not 
of  the  normal  value  in  the  case  of  the  motor. 

The  tests  were  proposed  by  Hopkinson  for  large 
machines,  and  with  such  machines  the  results  obtained  are 
quite  satisfactory. 

With  small  machines  two  factors  interfere  seriously 
with  tlie  accuracy  of  the  results.  In  the  case  of  small 
machines,  the  current  taken  by  the  motor  in  driving  the 
dynamo  when  the  latter  is  giving  no  current  is  a  con- 
siderable fraction  of  the  normal  full-load  current  of  the 
motor.  Thus  the  machines  are  never  even  approximately 
equally  loaded,  the  motor  having  alwaj's  a  much  heavier 
output.  The  machines  thus  do  not  work  on  the  same 
part    of   the   efficiency  curve  ;   and   although    they  might 
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have  the  same  eflSciency  when  working  at  the  same  load, 
it  is  not  correct  to  assume  that  they  have  the  same 
efficiency  when  one  is  driving  the  other. 

For  the  same  reasons  it  is  necessary  with  small 
machines  to  produce  a  relatively  great  difference  in  the 
field  strength  of  motor  and  generator  in  order  that  the 
motor  may  give  the  necessary  output  required  to  over- 
come the  no-load  losses.  With  small  machines  the 
working  conditions  cannot  therefore  be  considered  to  be 
normal  as  regards  the  losses  of  the  machines. 

In  the  test  described  by  Field  (Experiment  XVIII. a) 
which  foUows,  the  machines  are  equally  excited,  but  the 
power  required  for  the  test  is  equal  to  the  fuU  output  of 
the  generating  machine,  together  with  the  losses  in  both. 

Field's  Method  of  Testing  two  Similar  Machines. — Mr. 
Field  has  introduced*  a  method  of  testing  two  similar 
motors  or  dynamos  which  has  the  important  advantage 
that  the  excitation  of  the  two  machines  may  be  kept  equal 
throughout  the  test,  and  it  is  consequently  more  accurate 
to  assume  the  losses  in  both  machines  to  be  equal  than 
in  the  case  of  the  Hopkinson  tests  (Experiments  XVII. 
and  XVIII.),  in  which  the  field  of  one  machine  is 
weakened.  The  test  requires,  however,  more  power  to 
carry  out,  since  the  current  generated  is  not  used  to 
drive  the  machine  which  acts  as  the  motor. 

The  Field  test  is  specially  adapted  to  the  testing  of 
series  motors,  and  it  was  for  this  purpose  that  it  was 
originally  devised. 

The  motors  under  test  are  mechanically  coupled 
together.  One  of  them  M  (see  Fig.  60)  works  as  a  motor, 
driving  the  other,  D,  as  a  generator.  The  power 
developed  by  D  is  absorbed  in  a  water  or  other  resistance. 
The  special  feature  of  the  electrical  connections  is  that 
the  series  field  windings  of  both  machines  are  connected 
in  series  with  the  motor  circuit,  thus  ensuring  the  same 
excitation  for  both.  The  generator  armature  terminals 
are  joined  directly  to  the  load  resistance. 

*  See  paper  by  M.  B.  Field,  Proc.  Inst.  E.E.    Vol.  31,  p.  1,283. 
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Experiment     XVIIIa.— Determination  of  Losses  in  Two 
Similar  Series  Motors  (Field's  Test). 

Diagram  of  Connections. 


Fig.  go.— Diagram  of  Connections  for  Field's  Test  of  2-series  Motors. 

Ml  M,     Supply  mains. 

S  S      Two-pole  switch. 

M        Armature  of  machine  acting  as  motor. 

D         Armature  of  machine  acting  as  generator. 

Fj  F.,     Series  field  windings. 

Aj  A,  Ammeters  reading  motor  and  generator 
currents. 

Vi  V.,*  Voltmeters  reading  motor  and  generator 
voltages. 

V3  V4  Voltmeters  reading  voltage  across  field  wind- 
ings. 

S  Switch  in  load  circuit. 

R  Variable  load  resistance. 

Connections. — Couple  the  two  machines  together 
mechanically.  This  may  be  done  by  a  direct  coupling  on 
the  shafts,  or  by  belt  or  spur  gearing.  Coimect,  through 
a  double-pole  switch,  the  armature  of  the  machine  which 
is  to  act  as  the  motor  to  the  supply,  in  series  with  the  field 
windings  of  both  niachines.  If  possible  it  is  preferable 
to  use  a  variable  source  of  voltage,  e.g.,  a  generator  whose 
excitation  can  be  controlled.     If  the  voltage  of  the  supply 

*  The  number  of  voltmeters  may  be  reduced  by  employing  2-way  voltmeter 
switches  or  plugs;  but  care  must  be  taken  to  read  the  voltmeter  and  ammeter 
simultaneously,    and    the    ammeter    reading   should    therefore    be   repeated   each 

time  one  of  the  voltmeters  is  read. 
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is  fixed,  a  resistance  must  be  put  in  series  with  the 
armature  of  the_^motor  to  regulate  the  voltage  received 
by  it. 

In  the  same  circuit  put  an  ammeter  capable  of  reading 
the  full  current  of  the  machinc'^^Across  the  terminals  of 
the  motor  ( including |;»|armature^and  field  winding)  con- 
nect a  voltmeter  reading  the  full  voltage  to  be  employed. 
Across  each  field  winding  connect  a  low-reading  voltmeter. 

Connect  the  armature  of  the  second  machine  in  series 
with  an  ammeter  and  switch  to  a  variable  load  resistance. 
Join  also  a  voltmeter  across  the  armature  terminals. 

Instructions. — ^Close  the  switches  connecting  the  motor  to 
the  supply,  and  the  generator  to  the  load  circuit ;  gradually 
increase  the  voltage  apphed  to  the  motor  armature 
until  the  motor  receives  its  fuH  voltage.  At  the  same 
time  the  load  resistance,  which  should  at  starting  have 
its  maximum  value,  will  have  to  be  decreased,  so  that 
the  current  generated  may  increase  sufficiently  to  pre- 
vent the  speed  becoming  excessive. 

Maintaining  the  voltage  applied  to  the  motor  constant, 
take,  a  series  of  readings  on  all  the  instruments  for  a 
number  of  increasing  loads  obtained  by  gradually 
decreasing  the  resistance  in  the  generator  load  circuit. 
These  readings  should  begin  at  the  lowest  load  for  which 
the  speed  of  the  machines  is  not  excessive,  and  should 
be  continued  until  the  motor  is  fully  loaded,  or  over- 
loaded to  the  desired  extent.  The  speed  should  be  noted 
at  each  load,  and  the  temperature  of  the  armature  should 
be  measured  by  means  of  a  mercury  thermometer  before 
and  after  the  experiment.  It  is  desirable  to  note  the 
time  of  each  set  of  readings,  so  that  the  temperature  of 
the  armature  can  afterwards  be  approximately  calculated 
from  the  initial  and  final  readings  of  the  thermometer. 

The  temperature  is  particularly  important  in  the  case 
of  series  motors,  since  the  copper  losses  are  aU  dependent 
upon  the  load  and  consequently  have  their  maximum 
value  at  full  load.  The  rise  in  temperature  due  to  the 
load  increases  the  resistance  of  the  windings  and  the 
losses  in  them  very  considerably. 

The  method  of  entering  the  readings  and  plotting  the 
results  wiU  be  made  clear  by  the  example  given  below. 


196  EFPICIENCYyTESTS   OF  DYNAMOS. 

The  calculation  of  the  losses  and  eflficiency  is  based  on 
the  following  simple  relations  : — 

Let    i?„,^  =  resistance  of  motor  armature. 
iJgj  =  resistance  of  generator  armature. 
R^  =  resistance  of  motor  field. 
Bgi  =  resistance  of  generator  field. 
Oi  Fi  =  current  and  voltage  supphed  to  motor. 
G.y  V2  =  current     and     voltage      given    out     by 
generator. 
Then    G^^V^  =  watts  supplied  to  drive  motor. 
Co  X  Fo  =  watts  produced  by  generator. 
.  •  .  Cj  Fj  —  C,  F2  =  total    losses    in  motor  and  gene- 
rator (exclusive  of  loss  in  generator  field). 

The  iron  and  friction  losses  (  =  2L)  in  the  two  machines 
will  be  this  quantity  less  the  losses  in  the  windings,  i.e., — 

2  L      Ci  Fi  —  C^  Fo  —  Ci^  B^^  —  C'l"  E^^^  —  C/  Rg^ 

Since  both  speed  and  excitation  are  the  same  for  both 
machines  it  can  be^assumed  that  the  loss  in  each  will  be 
the  same,  and  consequently  the  iron  and  friction  losses 
in  each  machine 

=  L=i[CrV,-C,V,-  C:  (i?,,,  +  i?,„,)  -  c-  R,:\ 

We  can  consequently  calculate  the  losses  and  efficiency 
at  any  load  from  this  value  and  the  measured  resistances 
of  the  windings. 

Example  of  Field's  Test  on  two  Coupled  Series  Motors. — The 
machines  experimented  upon  were  two  25  h.p.  tramway 
motors  made  by  the  English  Electric  Manufacturing 
Company.  The  test  was  carried  out  at  250  volts,  i.e., 
half  the  full  working  voltage,  so  that  the  rated  output 
under  these  conditions  was  12-5  h.p.  The  efficiency  is 
somewhat  less  than  the  readings  obtained  with  the  full 
voltage  of  500. 

Connections  were  made  as  shown  in  Fig.  60,' a  water 
resistance  being  used  to  absorb  the  current  generated. 

The  tabulated  readings  are  shown  on  page  198. 

The  restdts  will  be  readily  followed  with  the  aid  of  the 
following  notes.  In  columns  VII.  and  IX.  are  entered 
currents  indicated  as  A^'  and  A" ;  these  are  not  exactly 
the  same  as  the  values  of  A^  entered  in  column  III.     The 
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reason  for  these  additional  readings  is  that  it  was  found 
impossible  to  read  all  the  instruments  simultaneously, 
and  they  were  accordingly  read  in  groups  as  follows :  As 
soon  as  the  load  current  A^  and  the  motor  voltage  Fj  had 
been  adjusted,  a  signal  was  given,  and  Fj,  A^,  V.,,  A.,,  and 
n  were  observed  together.  After  noting  these  readings, 
simultaneous  readings  of  F3  and  A^'  were  taken,  and  after 
throwing  over  a  voltmeter  switch  F^  and  ^/'were  observed. 
The  readings  of  ^Z  and  A/'  were  subsequently  only  used 
for  the  determination  of  the  field  resistances,  and  it  was 


500 


400 


£   300 


100 


0       10        20      30       40       50 
Amperes. 
Fig.  61.— Curves  of  Tramway  Motor  from  Results  of  Field's  Test. 

therefore  immaterial  whether  they  exactly  corresponded 
with  A^  or  not.  This  method  of  taking  readings  is  typical 
of  the  arrangements  that  have  frequently  to  be  made 
where  it  is  impossible  to  depend  on  absolute  steadiness 
in  the  conditions  of  the  test. 

In  column  XV.  it  was  really  not  correct  to  put  in  the 
same  value  for  the  armature  resistance  throughout,  but 
so  much  variation  was  foiuid  to  be  introduced  by^  the 
variable  contact  resistance  of  the  carbon  brushes,  that 
it  was  thought  best  to  insert  the  mean  value  of  a  previous 
careful  determination,    and  not   to   attempt  to   correct 
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for    changes     of  temperature.      The    motor   had     been 

previously  run  for  some  time  to  warm  it  and  bed  the 

brushes. 

The  efficiency  was  calculated  in  each  case  from   the 

value  of  the  power  supplied  to  the  motor  and  the  calculated 

,  „,  ^  .  input  —  losses. 

losses,     ihus,  einciency  =  — ^— ^ 

input. 

The  horse-power  was  calculated  from  the  formula 

o  Tj  n  _  watts  input  x  efficiency 

The  torque  was  obtained  by  using  the  formula — 

B.H.P.  X  33,000  „     ,^ 

Torque  =  ^r lb. -ft. 

ZTT  n 

n  being  the  revs,  per  minute  as  given  in  the  table. 

In  the  tables  and  curves  no  correction  for  temperature 

has  been  made.     This  might  be  done  as  explained  below. 

I^eduction   to   Standard   Voltage   and   Temperature— For   the 

sake  of  easy  comparison,  it  is  often  necessary  to  have  the 
losses  and  efficiency  of  motors  tested  at  temperatures  and 
voltages  differing  slightly  for  each  machine  reduced  to 
standard  conditions.  A  simple  example  taken  from  Mr. 
Field's  paper  shows  how  this  may  be  done  in  the  case  of 
series  motors.  The  same  principle  may  be  adapted]'to 
any  other  form  of  machine. 

In  the  case  suggested,  the  standard  conditions  were 
assumed  to  be  a  voltage  of  500  and  a  temperature  of 
20°  C. 

The  value  of  C^  was  50  amps. 
Fi  was  490  volts. 

i2,„.,  was  calculated  from  initial  and  final 
values  to  be  -457  ohms  at  47°  C.  This 
would  be  equivalent  to  -414  ohms  at 
20°  C. 
R^.^  was  similarly  calculated  to  be  -446  ohms 
at  40°  C.  This  is  equivalent  to  -414 
ohms  at  20°  C. 
i?„,f    was  -541  ohm  at  74°  C.     This  becomes 

•448  ohm.  at  20°  C. 
C,  was  40  amps. 
F2  was  421  volts. 
Speed  was  422  revs,  per  minute. 
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The  total  ohmic  loss  in   armature  and  field  of   motor 
under  actual  conditions  of  test 

-50'  X  (-457+  -541)  =  2-5  kw. 
Ohmic  loss  in  generator  armature  =  40-  x  -446  =  -714  kw. 
Total  losses  in  both  machines  =  50  x  490  —  40  x  421 

=  7-66  kw. 
Hence  loss  in  friction  and  iron  =  7' 66  —  3-214  =  4*45  kw. 

i.e.,  for  each  machine  iron  and  friction  loss  =  2-225  kw. 
The  ohmic  losses  for  motor       ...  ...       =2*5      kw. 


Hence  total  losses  in  motor      ...  ...       =  4725  kw. 

Power  supplied  to  motor  =  50  x  490  watts  =    24-  500  kw. 

_  .  n        J  input  — losses      24-5-4-725 

Hence  emciency  oi  motor  =  — ^— ; r = .^  .    - — 

input  24  •  5 

=  80-7  per  cent. 

In   order   to   find   the   efficiency   under  the  assumed 

standard  conditions,  we  proceed  as  follows  : — 

Of  the  490  volts  supplied  to  the  motor,  50  volts  were 

spent  in  ohmic  resistance,  leaving  a  back  electromotive 

force  of  440  volts.     If  the  supply  had  been  at  500  volts, 

450  volts  would  have  been  the  back  electromotive  force. 

At  a  temperature  of  20°  C,  however,  the  resistance  of 

the  motor  would  have  been  -  414  +  -448  =  -862  ohm,  and 

the   ohmic   loss   would   have   been   50  x  -862  =  43   volts, 

leaving    a    back    electromotive    force    of    500—43=457 

volts.     The  sjDced  under  these   conditions   would  have 

422  X  457 
been  — — rr —  =439    revs,    per    minute.       This    would 
440 

increase  the  iron  and     friction  losses  in  practically  the 
same  proportion,  giving  a  loss  per  machine  of 

lx4.45xg|=2-31kw. 

Calculating  the  value  of  the  efficiency  with  these  new 
values,  we  obtain  tlie  efficiency  of  each  machine  at  500 
volts,  20°  C.  and  50  amps,  as  82  per  cent. 

Field's  Test  Applied  to  Sliunt  Dynamos. — The  method  just 
given  may  also  be  applied  in  a  slightly  modified  form  to 
two  similar  shunt-wound  dynamos  or  motors.  In  order 
to  ensure  that  the  two  machines  have  exactly  the  same 
field  strength  during  the  test  (so  that  the  iron  losses  in 
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them  may  be  truly  equal)  they  are  first  run  separately 
as  motors  without  load,  and  the  field  of  each  adjusted 
so  that  both  run  at  the  same  speed,  when  both  supplied 
at  the  same  voltage.  The  exciting  current  taken  by 
each  is  then  noted,  and  will  be  that  required  to 
produce  the  same  strength  of  field  in  both  machines. 
The  machines  are  then  coupled  or  belted  together,  being 
excited  with  the  current  thus  ascertained,  and  the 
armature  of  one  is  supplied  with  current,  while  the  other 
armature  is  connected  to  a  load  resistance.  The  test  is 
then  proceeded  with  in  practically  the  same  manner  as 
for  the  series  machines. 

Swinburne's  Electricai,  Method   of  Testing 
Efficiency. 

In  this  method  the  losses  occurring  in  a  dynamo  are 

determined,    and   the   efficiency   is   calculated   from   the 

formula 

T,^  .  output  output 

Efnciency  =  -^ — ^— -  =  — - — ~-. 

•^        mput       output  +  losses. 

The  experiment  consists  of  two  parts. 

First  the  losses  due  to  power  spent  in  excitation  and 
in  the  armature  resistance  are  calculated.  In  each  case 
this  power  is  the  resistance  multiplied  by  the  square  of 
the  current  flowing  in  it  : — 

Watts  =  C'R. 

The  second  part  of  the  experiment  is  a  determination 
of  the  other  losses,  or  "  stray  power."     These  are  due  to 

Friction  of  the  journals,  brushes,  and  air. 
Hysteresis  losses  in  the  armature  core. 
Induced  local  currents,  or  eddy  currents  formed  chiefly 
in  the  armature  core  plates. 

These  losses  can  be  measured  by  running  the  dynamo  as 
a  motor  without  load,  the  field  being  separately  excited  to 
the  normal  extent,  and  the^'armature  being  supplied  with 
current  sufficient  to  make  it  run  at  full  speed.  The 
power  taken  by  the  armature  under  these  conditions  is 
that  necessary  to  overcome  the  losses  due  to  friction, 
hysteresis,  and  eddy  currents. 
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Experiment  XIX. — Determination    of    Efficiency 
Shunt  Dynamo  by  Swinburne's  Method. 


of    a 


The  losses  to  be  determined,  in  a  shunt  dynamo  are 
as  follows  : — 

(1)  Power  expended  in  excitation  of  field. 

(2)  Power  lost  in  heating  armature,  brushes,  &c. 

(3)  Power   lost    in    friction,    hysteresis,    and    eddy 

currents. 
Let  it  be  desired  to  determine  the  efficiency  of  the 
dynamo  at  fuU  load,  J  load,  |  load,  and  ^  load  respec- 
tively. 

Instructions. — Run  the  dynamo  at  full  load  and  normal 
speed  until  its  wmdings  have  become  warmed  up  to  a 
stationary  temperature. 

Read  the  voltage  of  the  dynamo,  and  the  current  in 
the  shunt  windings. 

Stop  the  machine  and  measure  the  resistance  between 
its  terminals  while  still  hot,  first  disconnecting  the  field 
and  main  circuit,  so  as  to  obtain  the  resistance  of  arma- 
ture, brushes,  and  connections,  as  in  Experiments  I. — III., 
pages  9  and  seq. 

Repeat  these  readings  at  f ,  J,  and  J  load  respectively 
if  extreme  accuracy  is  necessary.  Usually  the  armature 
and  field  resistances  may  be  assumed  to  be  constant  at  all 
working  loads. 

Determination  of  Losses  (1). — The  power  spent  in  excita- 
tion is  the  product  of  the  current  in  the  field  windings,  and 
the  voltage  at  their  terminals. 

Enter  results  thus  : — 

TABLE  I. 


Main 
Current. 

Shunt 
Current  =  c 

Voltage  =  E 

Watts  lost  in 
Shunt  =  cE. 

Full  load 

f  load    

^  load    

1  load    

Determination  of  Losses  (2). — The  total  current  in  the 
armature  will  be  the  sum  of  the  currents  measured  in 
the  main  circuit  and  shunt  circuit,  i.e.,  the  sum  of  the 
currents  entered  in  columns  1  and  2  of  Table  I.  above. 


EFFICIENCY   TESTS    OF   DYNAMOS. 


203 


Call  this  current  6',  and  let  R  be  the  measured  resis- 
tance between  the  armature  terminals.  Then  C^  R  will 
be  the  number  of  watts  spent  in  heating  the  armature  con- 
ductors, &c. 

Tabulate  values  as  in  table  below. 

TABLE  II. 


Armature 
Current  =  C 


Armature 
Resistance  =  E 


Watts  lost  in 

Armature 

Conductors=C2fi 


Full  load 
.|  load    ... 
I  load    ... 
^  load    ... 


Determination  of  Losses  (3). — 

Let  W  =  output  of  dynamo  in  watts. 

w  =  sum   of   watts   lost   in   shunt   and   armature 
conductors. 
=  sum  of  quantities  in  last  columns  of  Tables  I. 
and  II. 
C  =  total  armature  current  (column  1,  Table  II.). 
V  =  total  voltage  generated  in  armature. 
_  W+  w 
~  ~~C~~ 
Note. — AU  the  above  quantities  wiU  have  different 
values  at  different  loads. 

A  further  experiment  is  now  necessary. 
Diagram  of  Connections. 


Fig.  62.— Swinburne's  Test. 
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Mj  Mo    Supply  mains. 

M  Machine  armature. 

F  Machine  field  windings 

R^  Adjustable  resistance  for  varying  voltage  at 

armatiu"e  terminals. 
R,  Adjustable   resistance  for  regulating  exciting 

current. 
Aj  Ammeter  for  measuring  armature  current. 

V  Voltmeter  for  measuring  volts  across  armature. 

SS  Starting  switch. 

Connections. — Connect  the  dynamo  to  the  mains  to  run 
as  a  motor.  Insert  variable  resistances  in  both  shimt  and 
armature  circuits. 

Connect  a  voltmeter  to  the  dynamo  terminals,  and 
an  ammeter  in  series  with  the  armature. 

Instructions. — Commencing  with  the  shunt  resistance 
cut  out,  start  the  machine. 

Adjust  the  resistance  B^  in  series  with  the  armature 
until  the  voltage  at  the  armature  terminals  is  equal  to  V 
(see  above). 

Measure  the  speed.  Probably  it  will  be'^below  the 
normal  speed  of  the  d\Tiamo  on  account  of  the'^small 
magnetic  reaction  of  the  armature.  Increaselthe^ shunt 
resistance  E„  until  the  machine  runs  at  normal  speed. 

Wlien  running  at  normal  speed,  and  receiving  a 
voltage  equal  to  V  at  the  terminals,  read  the  "armature 
current  on  ammeter  A . 

Call  this  current  C^. 

Repeat  this  reading  for  each  value  of  V  for  which  the 
efficiency  is  to  be  measured. 

Tabulate  thus  : — 

TABLE  III. 


'  Amperes  =  C^ 

,^  ,,         TT      1      Watts  lost  in 
Volts  =F      Friction,  &c.  =  GIF 

Full  load  

1  load 

^  load 

^  load 
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Summary  of  K^ults. — The  efficiency  of  the  dynamo  is 
now  obtained  by  adding  the  losses  together  and  com- 
paring them  with  the  ,;useful  output  at  each  value  of  the 
load. 

Efficiency  _   Watts  output 
percent.   ~   Output  +  losses 

Summarise  the  results  thus  : — 
TABLE  IV. 


100. 


Watts 
spent  in 
Exci- 
tation. 


Watts 

lost  in 

Armature 

Con- 
ductors. 


Watts 
lost  in 
Friction, 
Hyster- 
esis, &c. 


Total 
Watts 
Lost. 


Watts 
Output. 


Power 
supplied 
=  output 
-flosses. 


Efficiency 
per  cent. 


Full  load 
J  load  .., 
4  load  ... 
I  load    . . 


[_  ^This  method  of  testing  is  equally  applicable  to  shimt, 
series,  or  compound  d\aiamos.  The  only  difference  lies 
in  the  method  of  calculation  of  the  losses  in  the  field  and 
armature  conductors,  since  the  amount  of  current  flowing 
in  them  will  be  different  in  each  case. 

Thus,  in  a  series  dynamo,  the  armature  current  is  equal 
to  the  current  in  the  external  circuit.  In  a  shunt  d\Tiamo 
it  is  equal  to  the  external  current -the  shunt  current. 
Also  the  losses  in  the  field  windings  wiU  vary  for  each 
case. 

The  following  calculation,  carried  out  in  detail  for  the 
most  general  case  of  a  compound  dynamo,  will  make  the 
difference  clear. 

The  test  was  carried  out  on  a  small  Oompton  dynam  o. 
Dynamo,  No.  9,012.  Type,  2-pole  drum  wound. 

Normal  output,  20  amperes,  150  volts,  at  1,450   revs,  per 
minute. 

Field  windings  connected  in  short  shunt. 

Resistance  of  armature  (hot)     .  .  .  .        -18  ohm. 

Resistance  of  series  winding  (hot)         ..        'O?     ,, 
1^  Resistance  of  shunt  winding  (hot)        ..     95-0     „ 
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Observed  voltage  at  terminals — 

(1)  Full  load  or  20  amperes   ..      ..      150  volts. 

(2)  f       „     oris    „  ....      150  „ 

(3)  1       „     orlO     „  ....      152  „ 

(4)  i       „     or    5     „  ....      151  „ 
Calculated  drop  in  armature  conductors — 

(1)  at  20  amperes  =21 -59  X  •18=3-9  volts. 

(2)  at  15       „        =16-58  x  -18  -2-9     „ 

(3)  at  10       „        =11-6    X  .18=2-1     „ 

(4)  at    5       „         =   6-59  X  •18=1-2     „ 

Current  taken  by  machine  when  run  light  as  a  motor 
at  full  speed  with  voltage  applied  to  armature  equal  to 
the  total  voltage  generated  when  driven  as  a  djoiamo  was 
as  follows : — 


Voltage  Applied. 

Current. 

Watts  Absorbed. 

153-9 

•754 

153-9 

X 

•754 

= 

116    watts. 

152-9 

•75 

152-9 

X 

•75 

= 

114^5 

5) 

154-1 

•754 

154-1 

X 

•754 

= 

116 

152-2 

•74 

152-2 

X 

-74 

= 

112-3 

J) 

Summary  of  Losses. — 

(l)  At  full  load — 

Drop  in  series  coils 

151-4 
bhunt  current  = 


95 


•07  X  20  =1-4  volts. 
1-50  amps. 


Total  armature  current  =21-59  amps. 
Loss  in  armature  conductors  =21  •  59'  x  •  18  =  84-8  watts. 
Loss  in  shunt  coils  =1-59x151-4=242-0     ,, 

Loss  in  series  coils  =20- x  -07      =28-0     ,, 

Losses  in  driving  machine        =153-9x-7  54  =116-0     ,, 


Total  losses 
Output 

Input 


470-8 
3,000-0 

3,470-8 


„^  .  3,000  X  100      ^^   , 

•.  Efficiency  =      „  470- a     =86-4  per  cent. 
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(2)  At  ^  load- 
Drop  in  series  coils       =  •  07  x  1 5  =  1  •  05  volts. 

Shuiit  current  =  — -— —  =1-58  amps. 

Total  armature  current  =  16  •  58  amps. 
Loss  in  armature  conductors  =  16  •  58'  x  •  18    =  49  •  5  watts 
Loss  in  shunt  coils  =1.58  x  151 -05  =238-5     „ 

Loss  in  series  coils  =  1 5-  x  •  07  =15-7     „ 

Loss  in  driving  machine  =152 -Ox.  75      =114-5     ,, 


Total  losses  418-2 

Output 2,250-0 


Input        2,668-2 

^^  .              2,250  X  100      _  .  „  , 

.-.  Efficiency  = aao.o    =  ^^'^  ^^^  ^®^*- 

(3)  At  i  load— 

Drop  in  series  coils  =  07  x  10  =  -  7  volts. 

Shunt  current  = zr—  =1-6  amps. 

Total  armature  current  =11-6  amps. 
Loss  in  armature  conductors  =  1 1  -  6"  x  -18 
Loss  in  shunt  coils  =  1  •  6  x  152-  7 

Loss  in  series  coils  =  10''  x  -07 

Loss  in  driving  machine  =  1 54  - 1  x  -  754 


Total  losses 
Output 


Input        ..  ..  ..      1,911-7 

^^  .  1520  X  100      ^^  ^ 

.'.  Efficiency  =  ~iqyi77     ^79-5  per  cent. 


=   24 

3  watts 

=  244 

4 

>j 

=     7 

.0 

5) 

=  116 

.0 

53 

391 

7 

>J 

1,520 

-0 

5J 
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(4)  At^  load- 
Drop  in  series  coils 

151 -35 


Shunt  current 


95 


=  •07  X  5  =  -35  volts. 
=  1-59  volts. 


Total  armature  current  6  •  59  amps. 
Loss  in  armature  conductors  =  6  •  59'  x  •  1 8       =     7-8  watts 
Loss  in  shunt  coils  =l-59xl51-35=  241  •  0 


Loss  in  series  coils 
Loss  in  driving  machine 


=  5'x  .07 
=  152-2  X  -74 


=      1-75  „ 
=112-4     „ 


Total  losses 
Output     . . 


362-95  ,, 
755.0     „ 


Input 1,117-95  „ 

T^^  .  755  x  100      ^„   ^ 

.-.  Efficiency  =  ^  hj.q^  =  67 -5 per  cent. 

These  results  of  this  test  are  showTi  graphically  on  the 
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Fig.  63.— Efficiency  op  Dynamo  by  Swinburne's  Method. 
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curve  given  in  Fig.  63.     Tlie  curve  is  continued  so  as  to 
pass  through  zero. 

This  method  of  testing,  in  common  with  several  other 
indirect  methods,  has  the  disadvantage  that  the  losses  are 
determined  in  the  machine  when  running  with  small 
armature  current. 

The  assumption  that  the  losses  due  to  hysteresis  and 
eddy  currents  are  the  same  at  heavy  loads  as  when  the 
armature  carries  small  currents  is  not  accurate,  although 
sufficiently  so  for  approximate  or  comparative  measure- 
ments. 

ELECTRICAL    DETERMINATION    OF   LOSSES 
IN   A   DYNAMO. 

The  following  experiments  show  the  usual  methods 
of  determining  the  losses  in  a  dynamo  by  means  of  electri- 
cal measurement. 

By  separating  the  losses  according  to  their  causes, 
useful  information  as  to  the  design  or  quality  of  materials 
may  be  obtained.  Thus,  it  is  possible  to  detect  excessive 
losses  due .  to  eddy  currents  arising  from  insufficient 
lamination^or  insulation  of  the  armature  core,  or  too  great 
hysteresis  losses  caused  by  inferior  iron. 

Electrical  Separation  of  Losses  in  a  Dynamo. 

(1)  Copper  Losses.— These  vary  with  the  output  of 
the  dynamo,  and  are  determined  in  the  manner  described 
in  the  last  experiment,  being  calculated  for  any  load  from 
the  known  values  of  the  current  and  voltage  of  the  machine 
and  from  carefully  measured  values  of  the  resistance  of  the 
armature  (from  terminal  to  terminal),  and  field  windings. 
These  losses  may  be  tabulated  as  shown  on  pages  202 
and  203,  and  if  desired  curves  may  be  plotted  for  them 
with  output  horizontal  and  losses  vertical. 

(2J  Iron  and  Friction  Losses.— These  losses  are  often 
rather  loosely  termed  the  "  no-load  "  losses  of  a  dynamo, 
since  they  are  practically  independent  of  the  load,  and 
can  consequently  be  directly  measured  when  the  machine 
is  running  without  load.  When  running  as  an  imloaded 
motor  there  will  be  a  certain  amount  of  loss  in  the  armature 
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conductors  due  to  the  no-load  current ;  tliia  is,  however, 
easily  separated  from  the  iron  and  friction  losses  by  cal- 
culation. 

The  excitation  losses  are  usually  determined  by 
separate  measurement. 

The  experiment  which  follows ^has  for  its  object  the 
determination  of  the  iron  and  friction  losses  alone. 

Experiment  XX. — Determination  of  Iron  and    Friction 
Losses  in  a  Dynamo  at  Various  Speeds. 

Diagram  of  Connections. 
Same  as  for  Experiment  XIX.     Fig.  62.    Page  203. 

Connections. — Comiect  the  d3rnamo  to  the  source  of 
current  through  a  starting  switch,  so  as  to  run  it  as  a 
motor.  Provide  means  for  keeping  the  excitation  con- 
stant independently  of  the  armature  voltage ;  and 
arrange  for  varying  the  voltage  applied  to  the  armature, 
independently  of  the  excitation.  If  the  supply  is  at 
constant  voltage,  this  can  most  conveniently  be  done  by 
putting  a  variable  resistance  in  the  armature  circuit,  or 
by  supplying  the  armature  by  the  potential  regulating 
arrangement  described  on  page  6.  Smce  the  machine 
is  only  to  be  rmi  light,  the  armature  current  will  only^be 
small,  except  when  starting  from  rest. 

Insert  ammeters  in  series  with  both  armature  and 
field,  and  connect  a  voltmeter  across  the  armature 
terminals. 

Instructions. — Before  commencing  to  take  any  readings 
the  machine  should  be  run  for  a  considerable  time  (say 
at  least  one  or  two  hours)  in  order  to  get  the  bearings 
thoroughly  lubricated  and  rmining  normally.  Excite  the 
machine  with  its  normal  exciting  current.  Supply  the 
armature  with  a  low  voltage  and  take  readings  of  armature 
current  and  voltage,  exciting  current  and  speed.*  Keeping 
the  excitation  constant,  repeat  these  readings  for  gradually 
increased  values  of  the  applied  voltage,  until  the  fuU 
working  voltage  is  reached.  It  is  desirable  to  get  a  wide 
range  of  speeds,  and  the  readings  at  low  speeds  are  of 
special  importance. 

*  See  Hint  (Sj,  p.  5. 
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Enter  the  readings  in  tabular  form  thus  : — 

Determination  of  Iron  and  Friction  Losses  in   a 

Dynamo. 

Observer Date ,  . 

Dynamo  Na. Tyye     

Normal  output   .  .  .  .volts,  .  .  .  .amps.,  at  .  .  .  .revs,  per  min. 
Normal  excitation amps. 


Armature. 

Iron 

and  Friction 

Watts 

=  (Cxr) -C'-i^A 

Speed. 

Excitation. 

Current 
=  C 

Volts 
=  V 

Watts 
=  Cx  V 

Revs,  per 
Minute. 

Plot  a  curve  from  the  readings,  measuring  voltage 
horizontally  and  armature  current  vertically.  The  result 
should  be  a  practically  straight  line.     (See  Fig.  64.) 

The  power  given  to  the  armature  at  each  speed  should 
then  be  calculated  and  entered  as  shown  in  the  fourth 
column  of  the  table  given  above.  This  power  will  in 
each  case  be  the  product  of  the  current  and  voltage 
measured  in  the  armature  circuit. 

Some  of  the  power  thus  determined  will  be  spent  in 
heating  the  armature  conductors  (  =  C'BJ  and  will  not  be 
included  in  the  so-called  no-load  losses,  which  consist 
only  of  iron  and  friction  losses.  The  fifth  column  in 
the  table  is  consequently  derived  from  the  readings  of  the 
preceding  column  by  subtracting  in  each  case  the  value  of 
C'  i? ,  from  the  readings  in  column  4,  6' '  being  the  square 
of  the  armature  current  and  R^  being  the  armature  resis- 
tance, which  must  have  been  previously  determined. 
In  the  case  of  fairly  large  machines,  the  value  of  C'-  B^ 
wiU  generally  be  inappreciable  and  may  be  neglected. 

The  no-load  watts  should  now  be  plotted  on  the  same 
base  as  the  current  curve,  as  shown  in  Fig.  64.     From  such 
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a  curve  the  iron  and  friction  losses  corresponding  to  any 
voltage  of  the  dynamo  can  be  at  once  read  off.  Since  the 
speed  and  voltage  are  proportional  to  one  another  with  a 
constant  excitation,  a  scale  of  speeds  may  be  added  to 
curve  plotted  with  volts  as  abscissae,  as  shown  in  Fig.  64. 
In  the  case  there  illustrated,  the  speed  at  110  volts  was 
1,390.  The  scale  of  revolutions  per  minute  was,  there- 
fore, set  off  accordingly,  and  the  same  curve  now  gives 
the  losses  at  any  speed. 

The  curve  of  watts  is  the  curve  of  amperes  x  volts. 
The  loss  in  armature  resistance  when  the  machine  was 
running  light  was  too   small  to  appreciably  affect  the 
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curve.  The  armature  resistance  was  -2  ohm,  and  thus 
with  even  the  maximum  current  observed,  the  product 
C'  R^  was  less  than  1  watt. 

Since  the  iron  losses  will  vary  with  the  excitation, 
the  curve  thus  obtained  will  only  give  the  true  losses  at 
one  value  of  the  excitation.  It  is  often  desirable  on  this 
account  to  take  several  sets  of  readings  and  to  draw  curves 
from  them  for  other  values  of  the  excitation  corresponding 
to  the  limits  within  which  the  exciting  current  may  be 
varied  in  actual  working. 
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It  may  perhaps  be  thought  that  a  single  reading  of 
the  voltmeter  and  ammeter  taken  at  normal  speed  would 
be  sufficient  for  the  determination  of  the  no-load  losses, 
without  the  series  of  readings  at  other  speeds  which  are 
necessary  to  obtain  a  curve.  While  this  is  true,  it  is 
seldom  advisable  to  trust  entirely  to  a  single  reading 
for  the  determination  of  an  important  quantity,  and  by 
taking  a  series  of  readings  the  possibility  of  error  is 
much  reduced.  Further,  the  curve  showing  the  relation 
between  current  and  voltage  at  various  speeds  is  an 
important  one  for  reasons  which  will  appear  in  the  dis- 
cussion of  the  next   experiments. 

If  a  similar  series  of  readings  were  taken  with  a 
different  value  of  the  excitation,  either  greater  or  less 
than  the  normal,  the  line  of  amperes  obtained  would 
lie  above  or  below  that  shown  in  Fig.  64.  The  value  of 
the  exciting  current  which  makes  the  line  come  in  the 
lowest  position  will  be  the  one  giving  the  lowest  armature 
losses. 

The  hysteresis  losses  increase  rapidly  with  the  strength 
of  field,  whereas  the  frictional  losses  increase  with  a 
decrease  of  field,  owing  to  the  higher  speed  required  to 
attain  the  same  voltage. 

There  will  consequently  be  one  value  of  the  excitation 
which  will  bring  the  current  line  into  its  lowest  position, 
corresponding  to  the  least  amount  of  loss  in  the  armature. 
This  excitation  will  usually  correspond  to  an  induction  of 
about  100,000  lines  per  square  inch  in  the  rim  of  the 
armature  core.  With  high  inductions  the  line  is  often 
found  to  bend  upwards,  sloping  more  steeply  at  higher 
voltages.  This  may  be  brought  about  by  the  demag- 
netising effect  of  the  eddy  ciu-rents  formed  in  the 
armature  core  and  pole  faces. 

From  the  results  of  the  experiment  just  described, 
and  from  previous  measurements  of  armature  and  field 
resistance,  a  curve  showing  the  efficiency  of  the  machine 
at  any  load  may  be  calculated  exactly  as  described  in  the 
Swinburne  test  (see  Experiment  XIX.).  The  only 
difference'^between  the  present  method  of  obtaining  the 
iron""andffriction  losses'^and  that  given  in  the  previous 
experiment  is  that  in  the  present  case  the  excitation 
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(and  consequently  the  armature  voltage)  corresponding 
to  any  given  speed  have  a  slightly  different  value.  The 
method  of  measurement  as  described  in  the  present 
experiment  is  of  more  general  application,  and  the 
curves  now  obtained  are  the  first  of  a  series  to  be  con- 
tinued in  the  next  experiment. 

Determination  of  Frictional  Losses, — These  losses  are  due  to 
the  brush  and  bearing  friction  and  the  air  friction  or 
windage.  The  losses  due  to  friction  of  the  brushes  and 
bearings  increase  almost  in  exact  proportion  to  the 
speed  of  the  d}Tiamo  ;  the  windage  losses,  however, 
increase  more  nearly  as  the  square  of  the  speed.  The 
method  of  determining  the  friction  losses  consists  in 
estimating  the  power  which  would  be  required  to  run 
the  machine  as  a  motor  without  any  field  and  con- 
sequently without  iron  losses.  The  whole  loss  under  these 
conditions  would  be  due  to  friction. 

If  the  magnets  of  a  dynamo  are  strongly  excited,  it  is 
evident  that  both  the  eddy  current  and  hysteresis  losses 
occurring  when  the  armature  rotates  will  be  relatively 
high,  and  that  if  the  excitation  is  weakened  while  the 
speed  is  kept  constant,  we  shall  diminish  these  losses 
without  affecting  the  frictional  losses  of  the  machine.  If, 
therefore,  the  machine  is  run  at  constant  normal  speed 
and  the  excitation  isvaried,  the  power  required  to  drive 
the -"motor  will  vary,'  owing  to  the  variation  in  the  iron 
losses  due  to  the  change  of  excitation  ;  the  friction 
losses,  on  the  other  hand,  will  remain  constant. 

By  observing  the  current  and  voltage  required  to 
maintain  the  speed  of  the  machine  constant  for  various 
values  of  the  excitation,  it  wiU  thus  be  possible  to  plot 
a  curve  of  watts  spent  in  driving  the  motor  for  a  con- 
siderable range  of  excitation.  It  will  not,  however,  be 
possible  to  measure  directly  the  power  required  to  drive 
the  machine  with  no  magnetic  field  at  aU,  since  the 
machine  will  not  run  as  a  motor  without  excitation.  The 
power  required  to  drive  the  machine  as  a  motor  with  zero 
field  can,  however,  be  deduced  from  the  readings  taken  in 
the  manner  just  mentioned  by  continuing  the  curve  of 
watts  actually  obtained  backward&''7|With^the  aid  of  a 
straight  edge  or  curve,   so  as  to  obtain  a   point  upon 
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it  corresponding  to  no  field,  when  there  will  be  no  mag- 
netic losses.  The  power  determined  in  this  way  will  be 
the  power  spent  in  overcoming  the  mechanical  losses  at 
the  speed  employed.  The  curve  showing  the  losses 
with  varying  excitation  at  constant  speed  is  usually 
plotted  with  watts  as  ordinates  and  volts  as  abscissse. 
This  is  convenient,  since  the  voltage  induced  in  the  arma- 
ture when  rotating  at  a  constant  speed  is  proportional  to 
the  strength  of  the  magnetic  field,  and  consequently  this 
curve  virtually  represents  the  relation  between  watts 
spent  in  driving  the  machine  and  the  strength  of  the 
field. 

Experiment  XXa. — ^Determination    of    Friction    Losses 
IN  A  Dynamo. 

Diagram  of  Connections. 

(As  in  Fig.  62,  page  203.) 

Connections. — As  for  Experiment  XX.  page  210. 

Instructions. — As  in  the  previous  experiment,  it  is 
important  that  the  dynamo  shall  have  been  run  for  a 
considerable  time  before  any  readings  are  taken.  Start 
the  machine  as  a  motor  running  light  and  adjust  the 
voltage  until  the  speed  attains  its  normal  running  value. 
Take  readings  of  the  armature  and  field  current  and 
armature  voltage.  Repeat  the  same  readings  for  a  wide 
range  of  values  of  the  excitation,  both  above  and  below 
normal,  after  adjusting  the  armature  voltage  in  each 
case  to  give  the  same  speed  of  rotation  as  for  the  first 
readings.  The  series  should  be  continued  for  the  lowest 
possible  excitation,  the  low  readings  being  specially  im- 
portant. Enter  results  in  tabular  form  as  shown  for 
Experiment  XX.  p.  211. 

Plot  a  curve  of  "  watts  "  on  a  base  of  armature  volts 
(see  Fig.  65).  Produce  this  curve  to  the  left  until  it  cuts 
the  vertical  axis  at  the  point'^~corresponding  to  zero 
magnetic  field  and  consequently'  zero  iron  losses.  Then 
the  point  of  intersection  of  the  cm've  and  vertical  axis 
gives  the  number  of  watts  spent  in  overcoming  friction  at 
the  speed  for  which  the  experiment  has  been  carried  out. 
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Having  determined  the  iron  and  friction  losses  (Experi- 
ment XX.),  and  also  the  friction  losses  at  normal  speeed 
(Experiment  XXa.),  the  difference  between  the  two  results 
will  give  the  power  absorbed  by  the  iron  losses  alone. 

Thus,  from  the  curve  in  Fig.  64  page  212,  the  iron  and 
friction  losses  at  a  speed  of  1,400  revs,  per  minute  are 
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seen  to  amount  to  197  watts.  From  the  point  at  which 
the  curve  in  Fig.  65  cuts  the  axis  the  friction  losses  are 
seen  to  be  37  watts  at  this  speed.  Consequently  the  iron 
losses  must  be  197-37  =  160  watts  at  this  speed. 

By  taking  a  number  of  curves  similar  to  that  of  Fig.  65, 
at  various  speeds,  it  would  be  easy  to  ascertain  both 
friction  and  irouj losses  at  each  of  these  speeds.  This  is 
what  is  actually^  done  in  order  to  separate  the  total  iron 
losses  into  hysteresis  and  eddy-current  losses,' as  described 
under  the  next  paragraph. 

Separation  of  Hysteresis  and  Eddy-current  Losses. — It  is 
sometimes  useful  to  separate  the  iron  losses  according 
to  their  causes,  into  hysteresis'^[losses '  and  eddy-current 
losses,  because  different  factors  in  the  construction  of  the 
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machine  give  rise  to  the  two  kinds  of  loss.  Thus,  exces- 
sive hysteresis  would  probably  be  due  to  an  inferior 
quality  of  iron,  or  to  excessive  induction  in  the  armature, 
while  too  great  losses  in  eddy  currents  might  be  caused  by 
insufficient  lamination  or  defective  insulation'ibetween  the 
core  plates  of  the  armature. 

In  order  to  effect  this  separation,  it  is  necessary  to 
ascertain  in  what  way  the  frictional  losses  vary  with  the 
speed  of  the  dynamo.  This  is  done  by  repeating  the 
measurements  described"  in  Experiment  XXa.  for  a 
number  (say  five  or  six,  or  more)  of  different  speeds. 
Each  series  of  readings  corresponds  as  before  to  a  single 
value  of  the  speed. 

It  will  be  well  to  summarise  the  method  of  carrying 
out  the  complete  separation  of  the  hysteresis  and  eddy- 
current  losses,  and  afterwards  to  give  a  set  of  actual  results 
as  an  example. 

Separation  of  Friction.  Hysteresis,  and  Eddy-current  Losses  in  a 
Dynamo. — (a)  Excite  the  machine  with  normal  exciting 
current,  and  vary  the  armature  voltage,  noting  speed 
and  armature  current  for  each  value  of  the  voltage 
(Experiment  XX.).  Plot  the  results  in  the  form  of  two 
curves  of  current  and  watts  respectively  on  a  base  which 
may  be  most  conveniently  divided  into  both  volts  and 
revolutions  per  minute  (Curves  C,.,^  and  ITf,.,,  in  Fig.  66). 

(6)  Vary  the  excitation  of  the  machine,  but  adjust  the 
armature  voltage  so  as  to  maintain  the  speed  constant. 
Take  readings  of  excitation,  armature  volts,  and  amperes. 
Repeat  these  readings  for  about  half-a-dozen  different 
values  of  the  speed,  in  each  case  reducing  the  excitation 
to  as  low  a  value  as  can  safely  be  employed  (Experiment 
XXa. ).^ Plot  the  results  in  the  form  of  watts  supplied  on  a 
base'^of  volts,  and  produce  the  curves  to  cut  the  vertical 
axis'"(Fig.  67).  The  point  of  intersection  of  each  curve 
with  the  vertical  axis  gives  the  friction' losses  at  the  speed 
for  which  the  curve  is  drawn. 

(c)  From  the  watt  curve  obtained  in  (a)  subtract  the 
friction  losses  at  the  speeds  for  which  they  have  been 
obtained,  by  measuring  dowaiwards  from  the  curve  of  total 
watts  the  friction  watts  taken  from  the  curves  just  plotted 
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at  the  same  speed.  Joining  the  points  thus  obtained,  we 
get  the  curve  of  iron  losses  at  various  speeds.  (Curve 
W,„  Fig.  66). 

(d)  Replot  the  curve  of  iron  losses  last  obtained,  as  a 
curve  of  current  (by  dividing  each  ordinate  by  the 
corresponding  voltage,  see  Curve  C^,^,  Fig.  66)  on  a  base 
of  volts.  From  the  point  where  this  curve  cuts  the 
vertical  axis,  draw  a  horizontal  line*  C\.  This  line  will 
divide  the  ordinates  of  the  curve  C^,,  in  such  a  way  that 
the  portion  below  the  horizontal  line  represents  the  current 
required  to  overcome  hysteresis  losses,  while  the  portion 
intercepted  between  the  'curve  and  horizontal  line  shows 
the  currents  overcoming 'e^ddy-current  losses. 


0       100      200     300     400      500      600     700      800     900     1000 

Revolutions  per  minute. 

Fig.  66.— Separation  of  Losses  in  a  Dynamo. 

Wteh  Watts  spent  in  friction,  ecMy-currents,  and  hysteresis. 
Weh    Watts  spent  in  eddy-currents  and  hysteresis. 
Wh     Watts  spent  in  hysteresis. 

(e)  From  the  last  curve  C,,  calculate  the  watts  spent  in 
hysteresis    (  =  current  >  corresponding    voltage)    for    any 

*  For  the  sake  of  conciseness,  the  reason  for  this  construction  is  postponed 
to  the  next  paragraph. 
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convenient  voltage,  and  mark  this  point  on  the  same  sheet 
as  the  original  curve  (Fig.  66)  of  total  watts  lost.  Join 
this  point  to  the  origin,  obtaining  the  line  W^^.  The 
losses  will  now  have  been  completely  separated. 

Separation  of  Eddy-current  and  Hysteresis  Losses. — The  curve 
of  current  obtained  as  described  under  (d)  (Curve  C^,,, 
Fig.  66)  shows  the  current  to  be  supplied  to  the'armature 
of  the  machine  at  any  speed  (or  voltage)  to'enable  it  to 
overcome  the  resistance  to  rotation  due  to  the  iron  losses. 
The  distinguishing  characteristics  of  the  two  sources  of 
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iron  loss  are  that  the  power  lost  in  hysteresis  varies  in 
direct  proportion  to  the  speed,  whereas  the  eddy-current 
watts  vary  as  the  square  of  the  speed. 

With  a  motor  having  constant  excitation  and  running 
light,  the  speed  is  proportional  to  the  terminal  voltage 
applied.  (See  Experiment  XIV.)  Consequently,  hori- 
zontal distances  on  the  curve  are'^proportional  to  speeds 
of  rotation. 

Consider  the  readings  represented  by  any  point  p 
on  the  line  A  B  in.  Fig.   68,  which  was  obtained  in  a 


220 


DETERMINATION    OF   LOSSES. 


similar  maimer  to  the  line  6',,,,  in  Fig.  66,  but  which  is 
drawn  separately  for  clearness.  The  iron  losses  in  the 
motor,  when  rmining  mider  the  conditions  represented 
by  this  point,  are  the  jjrodiict  of  the  amperes  and  volts 
represented  by  the  lines  pm  pn  respectively. 

Thus  the  rectangle  pnOm,  which  is  equal  to  pm  x  pn, 
represents  the  power  taken  by  the  motor  to  enable  it  to 
overcome  the  losses  in  its  armature. 

Draw  Aq  horizontal,  cutting  pm  in  q. 

It  will  be  shown  that  the  rectangle  nAqp  is  propor- 
tional to  the'square'of  the  distance  of  p  from  On,  whereas 
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the  rectangle  AOmq  is  directly  proportional  to  the  dis- 
tance of  p  from  On.  Thus  the  area  nAqp  represents  the 
power  supplied  to  the  motor  to  overcome  the  losses  which 
increase  proportionately  to  the  square  of  the  speed  of  the 
dynamo,  while  the  area  of  .40m5''"represents  the  losses 
which  are  simply  proportional  to  the  speed. 
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Let  the  angle  p  A  q  he  a,  which  is  constant  for  the 
machine  and  excitation  given. 

Area  oi  n  A  q  p  =  p  q.  A  q 

Also  p  q  =  A  q.  tan  a 

.'.  area  n  A  q  p  =  {Omf  tan  a, 

i.e.,  it  is  proportional  to  the  square  of  the  voltage  corre- 
sponding to  p,  or  proportional  to  the  square  of  the  speed , 
since  the  speed  is  proportional  to  the  voltage. 

[23.. The  area  oi  A  0  m  q  =  A  0.  0  m,  and,  since  ^  0  is  a 
constant  length,  this  area  depends  simply  on  the  distance 
of  p  from  On. 

The  area  n  A  q  p  therefore  represents  the  power 
supplied  to  overcome  the  eddy-current  losses  in  the 
armature  of  the  machine,  since  these  increase  in  propor- 
tion to  the  square  of  the  speed. 

The  power  spent  in  overcoming  the  hysteresis  losses  is 
represented  by  the  remaining  area  A  0  m  q. 

Alternative   Method    of   Obtaining   Friction   Loss 

Curves. 

Alternative  Method  of  Obtaining  Friction  Loss  Curves. — 
The  method  described  above  for  obtaining  the  friction, 
losses  at  various  speeds  by  varying  the  excitation  and 
voltage  together,  so  as  to  maintain  a  constant  speed 
(see  page  215)  is  often  somewhat  inconvenient  to  carry 
out.  The  following  alternative  method  of  obtaining 
points  on  the  curves  shown  in  Fig.  67  is  consequently 
preferable  in  many  cases. 

Take  a  number  of  no-load  curves  with  varying  arma- 
ture voltage  and  constant  field  current,  each  curve 
corresponding  to  a  different  value  of  the  excitation 
exactly  as  described  on  page  210.  Plot  curves  of  both 
armature  current  and  armature  voltage  on  a  base  of 
speeds.  (See  Fig.  69).  The  range  of  excitations  chosen 
should  be  as  wide  as  possible  and  from  four  to  six  different 
values  of  the  excitation  should  be  taken. 

Constant  speed  curves,  similar  to  those  shown  on 
Fig.  67,  can  be  obtained  from  the  results  in  the  following 
manner.     Suppose  the  curve  for  900  revs,  per   minute 
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is  to  be  drawn.  In  Fig.  69  the  current  and  voltage  for 
four  different  values  of  the  excitation  corresponding  to 
the  desired  speed  are  shown.  By  multiplying  together 
corresponding  values  of  the  current  and  volts  and  plotting 
the  resulting  watts  on  a  base  of  volts,  4  points  on  the 
constant  speed  curve  for  900  revs,  per  minute  are  obtained.* 
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In  the  same  way  four  points  can  be  obtained  on  any  desired 
number  of  curves,  each  corresponding  to  one  speed.  If 
six  values  of  the  excitation  had  been  taken  so  as  to  give 
six  volt  and  ampere  curves  like  those  in  Fig.  69,  six 
points  on  the  constant  speed  curves  would  be  obtainable. f 
Adopting  this  method  for  obtaining  the  constant 
speed  curves,  the  experiment  for  the  complete  separation 

*  For  more  detailed  explanation  see  actual  example  given  below, 
t  These  curves  will   not   always   appear  as  straight  lines   like   those  iu 
Fig.  69 ;  the  current  curves  often  bend  at  the  upper  values. 
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of  t^  the  friction,  eddy-current,  and  hysteresis  losses 
resolves  itself  into  the  following  : — 

Kun  the  dynamo  as  an  unloaded  motor,  varying  the 
armature  voltage  over  a  wide  range,  and  keeping  the 
excitation  constant.  Observe  armature  voltage,  current, 
and  speed  ;  repeat  this  measurement  for  about  six 
different  values  of  the  excitation. 

The  method  of  separation  based  on  this  very  simple 
series  of  readings  may  be  briefly  summarised  in  con- 
nection with  the  following  curves,  obtained  in  an  actual 
experiment  on  a  15  h.p.  220  volt  4-pole  motor. 

(a)  The  machine  was  connected  to  the  supply  with  a 
potential-regulating  resistance  connected  as  shown  in  Fig. 
1  for  varying  the  armature  voltage.     The  field  was  kept 
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Fig.  69. 

constant,  and, the  speed  and  armature  current  were 
observed  for  various  armature  voltages.  Fig.  69  shows 
four  out  of  six  of  the  series  of  results  obtained,  plotted 
on  a  base  of  speed. 

(6)  From  the  curves  in  Fig.  69,  the  curves  in  Fig.  70 
were  plotted  for  determining  the  friction  losses  at  various 
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speeds.  The  figures  used  for  obtaining  the  curve  for 
900  revs,  per  minute  will  make  clear  the  method  of 
obtaining  one  set  of  curves  from  the  other. 

Curve  for  speed  of  900  revs,  per  minute  : — 
From  Curves  I.,  Fig.  69  :    Volts  =200  ;   amps.  -=4-83. 

Hence  watts  at  200  volts  =966. 
From  Curves  II.  :    Volts  =173  ;    amps.  =4.62. 

Hence  watts  at  173  volts  =800. 
From  Curves  III.  :    Volts  =131  ;    amps.  =4-36. 

Hence  watts  at  131  volts  =571. 
From  Curves  IV.  :    Volts  =78;    amps.  =502. 
Hence  watts  at  78  volts  =392. 

From  the  curves  Fig.  70  it  is  seen  that  the  watts 
spent  in  friction  (given  by  the  point  at  which  the  curves 
cut  the  axis)  are  as  follows  : — 


Speed. 

Friction  Watts. 

900 
700 
500 
300 

275 
200 
133 

70 

These  results  are  shown  in  the  curve  on  Fig.  71.  It  is 
not  necessary  to  plot  the  friction  losses  separately^  as 
shown  in  Fig.  71,  but  it  is  usually  advisable  to  do  so,  as 
the  curve  forms  a  valuable  check  on  the  values  of  the 
friction  losses.  It  is  often  not  easy  to  see  exactly  where 
some  of  the  constant  speed  curves  (Fig.  70)  should  cut  the 
axis,  but  by  plotting  the  friction  losses  separately  any 
values  which  appear  to  come  off  the  curve  can  often  be 
rectified  by  slightly  changing  the  initial  portions  of  the 
constant  speed  curves  (Fig.  70). 

(c)  The  curve  of  total  current  and  total  watts  observed 
with  normal  excitation  in  the  first  measurements  for 
various  voltages  were  next  plotted  (see  Curves  C*,^,,  and 
Wf,u,  Fig.  72).  The  scale  of  speeds  was  also  added  from 
the  results  of  the  first  experiment.     The  friction  watts 
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for  the  four  speeds  found  in  Fig.  70  were  subtracted  at 
those  speeds  from  the  curve  of  total  watts.  The  curve 
drawn  through  the  points  thus  obtained  gives  the  watt 
curve  PTeii,  which  shows  the  iron  losses  at  any  speed  or 
voltage  at  normal  excitation. 

(d)  In  order  to  separate  the  iron  losses  into  their  con- 
stituents, the  Curve  W^^  is  used  to  draw  the  current 
curve  of  iron  losses  C^^.  This  is  done  by  dividing  each 
ordinate  of  the  watt  curve  W^,^  by  the  corresponding 
voltage  and  plotting  the  results  to  the  scale  of  amperes. 
This  curve  of  currents  is  practically  a  straight  line  and 
cuts  the  axis  at  a  point  corresponding  to  2*47  amperes. 
A  horizontal  hne  drawn  at  a  height  corresponding  to  2  •  47 
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amperes  divides  the  iron-loss  current   into  parts    over- 
coming eddy-current  and  hysteresis  losses  respectively. 

The   hysteresis    losses   were    then   plotted    as   watts 
(line  IFJ.     This  line  is  determined  by  a  single  point  since 
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Its  ordinates  are 
point,  i.e.,  watts 


it  is  straight  and  passes  through  zero. 
2- 47  multiplied  by  the  voltage    at   any   pomt,  i.e. 
=  hysteresis  current   x  volts. 

The  losses  have  thus  been  completely  determined  as 
shown  clearly  by  the  curves  in  Fig.  72.  The  ordinates 
of  Curve  IT,,  give  the  hysteresis  losses  at  any  speed. 
The  ordinates  between  curves  IT,.,,  and  W^  give  the 
losses  due  to  eddy  currents,  while  the  ordinates  between 
curves  PT,,.,,  and  W^■^^  give  the  friction  losses  at  any  speed. 

The  losses  thus  determined  are  for  the  machine  when 
working  at  no-load,  and  their  determination  is  of  great 
value  to  the  designer.     The  losses  will,  however,  not  be 
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Fig.  72.— Separation  of  Losses  in  a  Dynamo. 

Wfeh  =  Watts  spent  in  friction,  eddy-currents,  and  liysteresis. 
Wffh    =  Watts  spent  in  eddy-currents  and  liysteresis. 
If'ii      =  Watts  spent  in  liysteresis. 

exactly  identical  with  the  losses  which  will  occur  under 
load.  In  nearly  all  cases  the  frictional  losses  will  be  greater 
under  load  conditions,  since  the  bearing  friction  is  almost 


DETERMINATION    OF   LOSSES.  227 

certain  to  be  greater.  Also,  the  iron  losses  in  the  arma- 
ture core  and  poles  will  be  greater  due  to  the  saturation 
of  the  teeth,  &c.,  caused  by  the  heavy  armature  currents. 

Determination  of  Losses  by  Means  of  an  Auxiliary 

Motor. 

(1)  Using  a  Calibrated  Motor. — If  the  dynamo  to  be 
tested  is  driven  by  a  motor  which  has  been  previously 
calibrated,  so  that  its  efficiency  is  known,  it  is  easy  to 
determine  the  losses  occurring  in  the  dynamo  under  any 
desired  circumstances.  In  each  case  the  power  sj)ent 
in  driving  the  dynamo  will  be  the  power  supplied  to  the 
motor  multiplied  by  the  motor's  efficiency. 

This  method  of  determining  the  losses  is  not  often 
convenient  to  use  on  account  of  the  time  taken  to 
calibrate  the  motor  for  all  the  ranges  of  speed  and  load 
which  may  be  required.  It  is,  however,  sometimes  con- 
venient in  cases  where  tests  of  a  similar  character  have  to 
be  made  on  a  large  number  of  machines  of  the  same  size. 
The  motor  is  in  this  case  carefully  tested  for  the  range  of 
speeds  and  loads  required  by  a  dynamometer  or  brake 
method,  or  by  one  of  the  methods  for  separating  the 
losses.  Cm'ves  of  efficiency,  or  preferably  curves  com- 
paring ''  input  "  and  ''  output  "  are  prepared  for  the 
speeds  at  which  the  motor  is  to  be  run.  In  some  cases 
it  may  be  necessary  to  use  supplementary  curves  showing 
the  variation  of  efficiency  or  losses  with  speed. 

(2)  Using  an  Uncaiibratcd  Motor. — This  method,  which 
it  wiU  be  advisable  to  describe  more  fully,  is  one  which  is 
of  much  more  general  usefulness,  since  any  motor  may  be 
used  to  drive  the  dynamo  under  test,  without  reference 
to  its  efficiency  and  \vithout  the  necessity  for  any  previous 
test. 

The  principle  upon  which  the  test  depends  is  as  follows : 
If  a  motor  receives  a  constant  excitation,  the  iron  and 
friction  losses  in  it  will  be  constant  at  a  given  speed  so 
long  as  the  range  of  loads  to  which  the  motor  is  sub- 
jected is  comparatively  smaU.  In  carrying  out  the 
experiment  it  is  possible  to  eliminate  the  constant  iron 
and  friction  losses  of  the  motor  and  to  calculate  the 
copper  losses  in  the  armature  from  measurements  of  the 
armature  resistance  and  current. 
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Experiment  XX.  B. — Determination     of    Losses     in      a 
Dynamo  by  Means  of  an  Auxiliary  Motor. 

Connections, — The  djaiamo  to  be  experimented  upon 
is  mechanically  coupled  to  a  motor,  by  which  it  is  sub- 
sequently driven.  The  size  of  the  motor  need  not  bear 
any  direct  relation  to  that  of  the  dynamo,  since  it  will 
only  have  to  be  able  to  drive  the  latter  without  load  at 
its  normal  speed.  The  motor  should  be  large  enough  for 
this  to  form  only  a  small  fraction  of  its  rated  full  load. 

The  motor  is  connected  to  the  supply  mains  through  a 
starting  switch  and  with  separate  regulating  resistances 
and  ammeters  in  both  armature  and  field  circuits  ;  a 
voltmeter  is  also  connected  to  the  motor  armature 
terminals.  The  diagram  of  connections  for  the  motor  is 
thus  similar  to  Fig.  44,  page  137. 

The  only  electrical  connection  required  to  the  dynamo 
is  for  a  supply  of  current  to  the  field  winding,  with  an 
ammeter  and  regulating  resistance  in  the  circuit. 

Instructions. — Both  the  motor  and  machine  to  be 
tested  should  be  run  for  two  or  three  hours  before  any 
readings  are  taken,  so  as  to  obtain  constant  conditions  of 
running.     After  this,  proceed  as  follows  : — 

(a)  Adjust  the  excitation  of  the  dynamo  to  its  normal 
working  value.  Start  both  machines  by  supplying 
current  to  the  motor,  and  regulate  the  speed  of  the  motor 
so  that  the  dynamo  runs  at  its  rated  normal  speed.  The 
motor  brushes  should  be  kept  fixed  in  the  neutral 
position. 

Read  the  value  of  the  current  in  both  armature  and 
field  circuits  of  the  motor,  and  also  the  armature  voltage. 
Repeat  the  readings  for  a  number  of  different  values  of 
the  speed,  taking  care  that  the  excitation  of  both  motor 
and  dynamo  are  maintained  constant.  The  regulation  of 
the  speed  must  be  performed  entirely  by  variation  of  the 
voltage  applied  to  the  motor  armature.  This  may  be  done 
by  varying  the  resistance  in  the  armature  circuit. 

Since  the  excitation  of  the  dynamo  when  working 
will  generally  depend  upon  the  amount  of  current  which 
it  supphes,  it  will  usually  be  desirable  to  take  two  sets 
of  readings  as  described  above,  one  series  being  for  the 
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maximum  excitation  of  the  djmamo,  and  the  other  series 
for  the  minimum  or  no-load  working  excitation.  The 
losses  at  any  mtermediate  value  of  the  excitation  can 
afterwards  be  easily  interpolated  with  sufficient  accuracy 
for  most  purposes.  To  make  such  interpolations  easier, 
it  may  be  desirable  to  measure  the  voltage  generated  by 
the  dynamo  on  a  voltmeter  connected  to  its  terminal. 

The  results  should  be  entered  in  the  manner  shown  in 
the  example  given  later,  the  total  watts  supplied  to  the 
armature  of  the  motor  and  the  power  spent  in  copper 
losses  being  calculated  and  added  to  the  table. 

(6)  Interrupt  the  excitation  of  the  dyna^no  and  take  a 
similar  series  of  readings  of  the  power  suppHed  to  the 
motor  when  running  at  various  speeds,  the  excitation  of 
the  motor  still  being  maintained  at  the  same  value  as 
for  the  preceding  measurements.  Enter  the  readings 
in  a  similar  manner  to  those  previously  taken. 

(c)  Remove  the  coupling  between  the  dynamo  and 
motor,  so  that  the  motor  runs  light.  Again  take  a  series 
of  readings  of  the  motor  current  and  voltage,  the  excita- 
tion having  the  same  value  as  before. 

Curves  should  be  plotted  from  the  readings  obtained 
showing  in  each  case  the  dependence  of  (power  supplied 
to  motor  —  power  lost  in  armature  resistance)  upon 
speed,  i.e.,  the  relation  between  the  power  actually  spent 
in  the  motor  armature  in  producing  rotation,  and  the 
speed  of  rotation  (see  Fig.  73). 

Evidently  in  the  case  of  the  readings  {a)  the  power 
spent  in  the  motor  armature  will  be  that  required  to 
overcome  losses  in  the  motor  and  iron  and  friction  losses 
in  the  dynamo. 

Readings  (6)  will  be  due  to  losses  in  motor  and  frictional 
losses  only  in  the  dynamo.  Consequently  the  difference 
between  readings  (a)  and  (6)  at  any  speed  will  show  the 
power  spent  in  overcoming  the  iron  losses  in  the  dynamo 
at  that  speed. 

Readings  (c),  showing  the  losses  in  the  motor  alone, 
when  subtracted  from  readings  (6)  will  leave  the  friction 
losses  in  the  dynamo. 
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The  differences  between  the  curves  plotted  in  the 
manner  just  described  will  give  the  losses  due  separately 
to  iron  and  friction  in  the  djmamo,  and  these  losses  may 
consequently  be  directly  plotted  in  a  second  series  of 
curves.  The  curves  in  Figs.  73  and  74  will  show  the 
form  which  the  results  of  the  experiment  take. 

If  the  motor  drives  the  dynamo  through  a  belt,  a 
somewhat  uncertain  error  is  introduced  by  the  friction  of 
the  belt  on  the  pulleys^and^the  increased|pressure  on  the 
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Fig.  73.— Curve.s  oi'  Watts  Spent  in  Driving  Dynamo. 

I. — Dynamo  with  maximvim  excitation  of  2'5  amperes. 
II. — Dynamo  with  minimum  excitation  of  1'8  amperes. 
III. — Dynamo  without  excitation. 
IV. — Motor  (liscounecteil  from  dynamo. 

bearings  due  to  the  pull  of  the  belt.  In  such  a  case  the 
difference  between  the  readings  (6)  and  (c)  should  be 
stated  as  "  friction  of  dynamo  together  with  friction  of 
belt  drive." 

If  rigid  couplings  between  the  machines  are  used, 
increase  of  friction  in  the  bearings  is  very  easily  intro- 
duced if  the  alignment  of  the  machines  is  not  perfect. 
Some  form  of  flexible  coupling,  or  a  coupling  in  which  a 
slight  relative  movement  of  the  two  shafts  is  possible, 
is  much  to  be  preferred. 
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A  measurement  of  the  power  absorbed  by  brush 
friction  on  the  commutator  may  be  made  by  taking 
readings  before  uncouphng  the  dynamo  and  motor, 
first  with  the  brushes  of  the  dynamo  down  and  then  with 
the  brushes  raised.  The  difference  between  the  power 
taken  under  these  two  conditions  will  be  that  spent  in 
brush  friction. 

Evidently,  it  would  be  possible  to  extend  the  measure- 
ments for  various  excitations  and  in  this  way  to  obtain  a 
complete    separation    of  the    losses    by   plotting    curves 
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Fig.  74.— Losses  ix  Dynamo. 
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similar  to  those  of  the  previous  experiment.  In  most 
cases  this  separation  would  be  better  carried  out  as 
previously  described,  as  the  errors  due  to  possible  variation 
in  the  losses  of  the  driving  motor  are  thus  eliminated. 

Example  of  Determination  of  Losses  in  a  Dynamo  by 
AN  Auxiliary  Motor. 

The  dynamo  experimented  upon  was  a  5kw.  4-pole 
drum-wound  Alioth  machine  giving  100  volts  at  1,200  revs, 
per  minute.  It  was  driven  by  a  motor  through  a  claw 
coupling  introducing  no  friction  and  allowing  free  end 
play  to  both  shafts. 
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A  previous  determination  of  the  armature  resistance 
of  the  motor  gave  a  mean  vakie  of  -232  ohm. 

The  cohimn  headed  C'-  R.^  in  each  table  is  obtained  by 
multiph^ing  the  square  of  the  motor  current  by  the 
armature  resistance,  i.e.,  by  -232. 

(a)  Motor  coupled  to  dynamo  having  its  maximum 
excitation  of  2-5  amps.  Motor  excitation,  2-0  amps. 
Table  gives  power  supplied  to  motor. 

TABLE  {a). 

Power  sjpent  in  motor  and    in  dynamo  friction  a7id  iron 
losses  (excitation  2-5  amps.). 


Speed. 

Input. 

=  e 

Revs,   per 
minute. 

Volt.s 
V 

Amps 
C 

Watts 
C  V 

C  V  -e 

1,214 

1,065 

946 

110-5 
99 

85-1 

14-2 
13-6 
13-3 

1,570 
1,348 
1,131 

35-5 
34-5 
33-5 

1,535 
1,314 
1,098 

Note. — In  each  case  a  few  readings  only  are  given 
in  the  table,  the  curves  showing  the  complete  series. 

(6)  Motor    coupled    to    dynamo    without    excitation. 
Motor  excitation,  2-0  amps. 

Table  gives  power  supplied  to  motor. 

TABLE  (b). 
Power  spent  in  motor  and  in  dynamo  friction  losses, 


Speed. 

Input. 

C^  R2, 

=  e 

Revs,   per 
minute. 

Volts 
V 

Amps 
C 

Watts 
C  V 

CV  -  e 

1,178 

105 

11-3 

1,186 

25 

1,161 

1,134 

102 

11-2 

1,143 

24 

1,119 

992 

89 

10-8 

961 

22 

939 
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(c)  Motor  uncoupled  from  dynamo  and  running  light. 
Excitation,  2  •  0  amps. 

Table  gives  power  supplied  to  motor. 
TABLE  (c). 
Power  spent  in  motor  alone. 


Speed. 

Input. 

=  e 

Revs,  per 
minute. 

Volts 
V 

Amps 

C 

Watts 
C  V 

cr-e 

1,280 

109 

6-0 

654 

8-3 

646 

1,200 

101-5 

5-65 

574 

7-6 

567 

971 

82 

5-25 

430 

6-6 

423 

The  curves  in  Fig.  73  are  obtained  from  plotting 
together  the  numbers  in  the  first  and  last  columns  of  the 
above  tables.  We  thus  get  a  series  of  curves  which  are 
nearly  straight  lines.  The  ordinates  of  Curve  IV.  give 
the  power  absorbed  by  the  motor  at  the  speeds  observed. 
The  ordinates  between  Curves  III.  and  IV.  give  the 
friction  loss  in  the  dynamo.  The  ordinates  between 
Curves  II.  and  III.  show  the  iron  losses  in  the  dynamo  with 
its  minimum  excitation  of  1  -8  amps.,  while  the  ordinates 
between  I.  and  III.  represent  the  iron  losses  with  maxi- 
mum excitation  of  2  •  5  amps. 

In  Fig.  74  the  same  results  are  plotted,  but  with  the 
power  spent  in  the  motor  subtracted.  The  ordinates 
of  Curve  I.  in  this  case  represent,  therefore,  the  total 
losses  in  the  dynamo  and  the  ordinates  of  Curve  III. 
represent  the  friction  losses  alone. 

From  readings  taken  in  this  way,  together  with  a 
knowledge  of  the  armature  and  field  resistance,  it  is 
easy  to  calculate  the  approximate  eiiiciency  of  the  machine 
at  any  load.  The  calculation  would  be  carried  out  at 
about  four  different  values  of  the  load,  the  iron  and  friction 
losses  being  obtained  from  the  experiment  just  given, 
and  the  copper  losses  being  calculated  from  the  known 
values  of  the  current. 
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Although  series  machines  are  of  much  less  general 
application  than  shunt  machines,  series  motors  are  used  for 
traction  work,  and  on  cranes  and  for  some  other  special 
purposes.  The  separation  of  the  losses  in  a  tramway 
motor  is  often  carried  out  in  the  manner  described  in  the 
next  experiment.  As  in  the  last  experiments,  only  a 
single  machine  is  required,  and  the  losses  are''determined 
at  no  load. 

Determination   of  Losses   in   Series   Motor  or 

Dynamo. 

The  losses  in  a  series  machine  may  be  determined  and 
separated  exactly  as  already  described  for  a  shunt 
dynamo  (Experiments  XX.  to  XXb.),  the  field  being 
separately  excited  and  supplied  with  current,  which  in 
this  case  will  be  much  larger  in  amount,  but  may  be 
supplied  at  a  low  voltage. 

The  following  experiment  is  a  somewhat  more  con- 
venient one  for  determining  the  iron  and  friction  losses 
in  a  series  machine.  It  will  be  seen  that  no  new  principle 
is  involved  in  the  method. 

Experiment  XX.  C. — Determination  of  Iron  and  Friction 
Losses  in  a  Series  Motor. 

Instructions. — I.  Connect  the  motor  to  the  supply  in 
series  with  a  switch,  variable  resistance  (to  be  used  also 
as  starter),  and  an  ammeter.  Connect  a  second  variable 
resistance  to  the  armature  terminals,  so  as  to  form  a 
shunt  to  the  armature.  Connect  an  ammeter  between 
armature  and  field,  so  as  to  read  the  armature  current, 
and  connect  a  voltmeter  to  the  armature  terminals. 
The  machine  is  unloaded  throughout  the  experiment. 

In  order  to  start  the  experiment,  adjust  the  shunt 
resistance  Rj  to  a  sufficiently  low  value  to  make  it 
possible  to  increase  the  armature  voltage  to  the  normal 
working  pressure  (by  gradually  cutting  out  R),  without 
the  speed  of  the  motor  becoming  excessive. 

Take  readings  of  the  armature  current,  field  current, 
armature  voltage,  and  speed. 

Now  increase  the  resistance  R,  so  as  to  diminish 
the  current  flowing   in    the  circuit ;    this   wiU  have  the 
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effect  of  weakening  the  field,  and  will  tend  to  diminish 
the  voltage  across  the  armature.  Adjust  the  shunt 
resistance  Rj  until  the  armature  voltage  attains  its 
previous  value,  and  again  take  readings  on  the  instruments. 

Take  a  series  of  readings  in  this  way,  keeping  the 
armature  voltage  constant  throughout. 

About  four  sets  of  readings  should  be  taken  in  this 
way,  each  corresponding  to  one  fixed  value  of  the 
armature  voltage.  Thus,  readings  may  be  taken  for  full 
normal  voltage,  and  say 
respectively. 


f ,    |,   and   i  of  this  voltage 


Diagram  of  Connections. 


Fig.  75. 


M, 

M., 

Supply  mains. 

M 

Motor  armature. 

F 

Field  winding. 

R, 

R, 

Variable  resistances 

A, 

A, 

Ammeters. 

V 

Voltmeter. 

s 

Switch. 

The  results  should  be  entered  as  shown  in  Table  I. 
below,  and  curves  of  (a)  field  current  and  (6)  armature 
input  watts  should  be  plotted  on  a  base  of  revolutions 
per  minute. 

The  measurements  described  above  give  the  total  iron 
and  friction  losses  for  various  speeds  of  the  motor  ;    a 
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further  experiment  is  now  necessary  to  determine  the 
friction  losses. 

II.  Remove  the  shmit  resistance  Rj  (Fig.  75),  and 
apply  a  low  voltage  to  the  machine,  varying  the  voltage  so 
as  ■  to  make  the  machine  rotate  at  the  same  range  of 
speeds  as  those  previously  observed.  Read  the  armature 
voltage  and  current  for  each  speed,  and  enter  the  results 
as  shown  in  Table  II.  below.  In  this  case  the  field  current 
of  the  motor  will  be  sufficiently  low  for  the  assumption 
to  be  made  that  the  iron  losses  in  the  motor  are  negligible, 
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Fig.  76.— Curves  Showing  Losses  in  Series  Motor. 

and  that  the  power  taken  by  the  armature  is  only  that 
required  to  overcome  the  frictional  losses. 

By  plotting  a  curve  of  watts  supplied  to  the  armature 
under  these  conditions,  we  obtain  the  friction  losses  at 
various  speeds,  and  subtracting  these  from  the  total 
losses  first  obtained,  we  obtain  the  curve  of  iron  losses. 

In  Fig.  76  the  current  curves  show  the  current  supplied 
to  a  25  h. p.  tramway  motor  in  Part  I.  of  the  experiment, 
the  other  curves  being  the  corresponding  curves  of  power 
supplied.  The  curve  marked  "  friction  watts  "  in  the  same 
figure  shows  the  friction  losses  determined  in  Part  II. 
The  ordinates  between  these  curves  are  the  iron  losses 
corresponding  to  the  voltages  shown.  These  curves  form 
the  basis  of  those  shown  in  Fig.  77,  the  construction  of 
which  is  explained  below. 
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Separation  of  Losses  in  Series  Motor. 

Machine  No Type 

Output h.p.  at  ...  .revs,  per  minute. 

Voltage 

TABLE  I. 
Friction  and  Iron  Losses. 


Armature. 

Field  Amps. 

Volts. 

=   V 

Amps. 

Watts. 

Revs,  per  min. 

TABLE  II. 

Friction  Losses. 


Armature. 

Friction  Watts. 
Wo  =  c  X  V 

Revs,  per 
min. 

Iron  Watts. 

Volts. 

=   V 

Amps. 

For  convenience  in  reference,  it  is  often  desirable  to 
have  the  curve  of  iron  losses  plotted  against  the  voltage 
which  the  machine  will  have  at  its  terminals  when 
actually  working.  The  curves  may  be  plotted  in  this 
way  from  the  results  of  the  experiment  after  the  resis- 
tance of  the  armature  and  field  has  been  determined. 
The  terminal  voltage  of  the  motor  at  any  speed  will  be 
obtained  by  adding  the  voltage  lost  in  the  internal 
resistance  of  the  motor  due  to  the  current,  to  the  armature 
voltage  measured  in  the  experiment  at  the  corresponding 
speed.  The  actual  armature  current  in  the  experiment 
was  only  small  in  amount  and  consequently  produced  a 
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negligible  drop.  Thus  the  iron  losses  corresponding  to 
a  voltage  E  in  the  experiment  would  be  those  correspond- 
ing to  a  voltage  oi  E  +  C  R  &,i  the  terminals  of  the  motor 
when  in  actual  operation,  C  being  the  current  of  the 
motor  and  R  the  motor  resistance  measured  from  ter- 
minal to  terminal. 

'  The  following  table  shows  the  calculation  of  the  curves 
shown  in  Fig.  77,  and  will  make  quite  clear  the  method  of 
deriving  them  from  Fig.  76.  In  each  case  the  iron  losses 
are  measured  directly  from  Fig.  76  at  the  particular 
speed  for  which  the  current  attained  the  desired  value 
at  the  given  armature  voltage.  Taking  first  the  curve 
of  losses  with  a  working  current  of  20  amps.,  we 
proceed  as  follows  :  For  the  armature  voltage  of 
250  volts,  the  field  current   was    20  amps,  at    a  speed 

TABLE  III. 
Total  resistance  of  motor  at  75°  C.  -628  ohm. 


Working 
Current. 

Volts 

drop 

in 

Motor. 

Volts  =  250. 

Volts  =  401. 

Volts  =  528. 

F+drop. 

Iron 

losses. 

r+drop. 

Iron 

losses. 

F+drop. 

Watts. 

20 

40 

60 

100 

12-6 

25-2 
37-8 
63-0 

262-6 

275-2 
287-8 
313-0 

170 
240 

290 
370 

413-6 
426-2 

438-8 
464-0 

330 
440 
520 
650 

540-6 
554-2 
565-8 

530 

708 
820 

of  610  revs,  per  minute,  since  this  is  the  speed  at  the  point 
where  the  curve  of  current  with  armature  voltage  250 
cuts  the  line  of  20  amps,  (see  Fig.  76).  At  the  speed  of 
610  revs,  per  minute,  the  difference  between  the  watt 
curve  for  250  volts  and  the  friction  curve  is  170  watts. 
Hence  the  iron  losses  at  this  load  and  speed  are  170  watts. 
This  is  then  the  first  value  entered  in  the  Table  III.,  and 
shown  on  the  curve  for  20  amps,  in  Fig.  77. 

The  l^etardation  Method  of  Measuring  Losses.— This  method 
is  specially  applicable  to  machines  of  large  size, 
and  having  armatures  with  considerable  inertia.  The 
machine  is  brought  up  to  a  speed  as  high  as  possible, 
either  by  current  supplied  to  it,  or  by  a  separate  motor 
which  can  be  uncoupled  when  going  at  full  speed  {e.g., 
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by  slipping  off  the  driving  belt).  Observations  are  then 
made  of  the  speed  of  the  machine  at  equal  time  intervals 
as  it  slows  down.  Curves  plotted  from  these  readings 
enable  the  iron  and  friction  losses  to  be  separately 
determined. 

If  the  armature  of  the  machine  to  be  tested  is  of  small 
size,  its  inertia  will  be  small  and  the  time  taken  to  come 
to  rest  will  be  too  short  for  the  taking  of  accurate  readings. 
By  mounting  a  flywheel  on  its  shaft,  the  inertia  of  the 
rotating  part  may  be  increased.  The  friction  of  the 
system  is  thereby  increased,  but  in  cases  where  the  iron 
losses  alone  are  to  be  measured,  the  added  friction  is  not 
a  particular  disadvantage  if  not  great  in  amount,  and  if 
precautions  are  taken  to  insiu-e  its  constancy  (especially 
by  long  previous  rmming). 

If  the  dynamo  is  direct-coupled  to  a  di'iving  motor 
tlu-ough  a  flexible  coupling,  and  the  motor  armature  has 
sufficient  inertia  to  make  satisfactory  readings  possible, 
observations  may  be  made  with  the  two  machines  coupled, 
and  the  losses  (which  will  include  the  friction  losses  in  the 
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motor)  may  be  determined.  By  repeating  the  observa- 
tions ^on  the  motor  after  uncoupling  the  dynamo,  the 
friction  losses  of  the  latter  alone  may  be  obtained  by  sub- 
traction, t  ; 

The  principle  of  the  method^  of  measurement  is  as 
follows  :  The  energy  of  rotation  possessed  by  a  rotating 
body  is 

«  =  i/(|»)' 
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Where  /  is  the  moment  of  inertia  of  the  body,  and  n 
its  speed  in  revs,  per  minute. 

If  the  moment  of  inertia  is  measured  in  absolute 
C.G.S.  units,  i.e.,  in  gramme-cm.,  the  energy  is  expressed 
in  the  same  system  as  dyne-centimetres,  or  ergs.  In  order 
to  bring  ergs  to  kg. -metres  we  must  divide  by  9  •  81  x  10\  or 
if  to  watt-seconds  by  10^  or  if  to  foot-pounds  by  1  -356  x 
10'.  Thus  the  energy  of  a  rotating  body  in  watt-seconds 
or  joules  is 

G=  il  i^y  X  10-'  =  -545  In'  10"" 
^       ^  60  ' 

=  Kn'   where  K  =  545  /.  10-" 

If  the  speed  be  observed  at  the  beginning  and  end  of 
an  interval  of  t  seconds,  and  is  found  to  faU  from  n^^  to  n„, 
the  loss  of  energy  during  t  seconds  will  be 

g  =  K  {n:  -  O 

The  average  power  spent  in  losses  will  be  this  energy 
divided  by  the  time  between  the  readings,  since  watts 
=  energy  expended  per  second.     Thus, 

watts  =  w=^-  =  K  -^—, — ^. 


t 

If  the  speed  of  the  dynamo  when  slowing  down  under 
the  influence  of  the  frictional  and  other  losses  is  observed 
at  successive  intervals  of  time,  the  difference  in  the  energy 
possessed  by  the  machine  at  the  beginning  and  end  of 
one  period  is  a  measure  of  the  work  done  in  overcoming 
the  losses  during  that  period.  The  amount  of  this  work 
divided  by  the  time  between  the  observations  is  the  mean 
power  thus  absorbed.  The  power  absorbed  will  grow 
less  as  the  sjjeed  diminishes.  By  plotting,  on  a  base 
of  speeds,  a  curve  of  mean  power  calculated  from  readings 
taken  at  a  number  of  short  intervals  as  the  machine 
slows  down,  the  losses  at  full  speed  may  be  obtained  by 
continuing  the  curve  of  losses  backwards  to  cut  the 
ordinate  corresponding  to  full  speed. 

If  readings  are  taken  in  tliis  way  with  the  machine 
first  unexcited,  and  then  with  the  field  excited,  losses 
due  to  friction  alone  and  due  to  friction  and  iron  loss 
together  are  found.  By  subtraction,  the  iron  losses 
are  determined. 
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For  reading  the  speed,  a  tachometer  may  be  used, 
driven  from  the  dynamo.  The  tachometer  must,  however, 
be  an  accurate  one  if  satisfactory  results  are  to  be  ob- 
tained. A  better  method,  although  rather  more  laborious, 
is  to  read  the  voltage  of  the  dynamo,  and  to  find  by 
special  measurement  the  relation  between  the  dynamo 
speed  and  voltage  at  each  value  of  the  excitation  employed. 
When  the  machine  is  unexcited  the  residual  magnetism 
may  be  made  to  give  accurate  indications  of  speed  in  this 
way  on  a  low-reading  voltmeter. 

Experiment  XX.  D. — Determination    of    Losses    by  the 
Retardation  Method. 

Instructions. — (a)  Run  the  dynamo  up  to  normal 
speed,  or  to  a  speed  higher  than  this  by  an  auxiliary 
motor,  or  by  current  supplied  to  the  machine  itself. 
When  running  at  full  speed,  micouple  the  motor  or  inter- 
rupt the  supply  to  the  machine  if  a  separate  motor  is  not 
used.  Take  readings  of  the  speed  at  equal  intervals  of 
time — say  every  5,  10,  or  15  seconds,  according  to  the 
total  time  taken  by  the  machine  to  come  to  rest.  As 
already  mentioned,  the  best  way  of  reading  the  speed  is 
to  employ  a  voltmeter  connected  to  the  armature  ter- 
minals of  the  machine  mider  test.  A  separate  test 
must  then  be  made  similar  to  Experiment  IV.,  to 
determine  the  ratio  between  speed  and  voltage.  Read- 
ings should  be  taken  in  the  manner  described  first  with  the 
field  unexcited  and  afterwards  with  normal  excitation  and 
other  values  of  the  exciting  current  for  which  it  is 
desired  to  find  the  iron  losses. 

Enter  the  results  in  tabular  form  and  plot  the 
readings  with  time  intervals  horizontal  and  speed  vertical, 
as  shown  in  Fig.  78,  each  curve  corresponding  to  one 
value  of  the  excitation. 

(6)  Determine  the  total  no-load  losses  of  the  machine 
at  several  speeds  and  normal  excitation  as  described  in 
Experiment  XX.  by  running  it  light  as  a  motor  and 
measuring  the  watts  supplied  to  the  armatm^e.  The 
loss  due  to  armature  resistance  should  be  subtracted 
from  the  total  watts  supplied.  The  power  spent  at 
various  speeds  should  then  be  plotted  in  a  curve  similar  to 
Fig.  64,  page  212. 
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Calculation  of  Results. — ^Choose  three  or  four  time 
intervals  from  readings  taken  as  in  (a)  for  normal  excita- 
tion, and  calculate  the  average  power  spent  during  each 
interval  from  the  formula  given  above — 

„  n:  -  n^ 
w  =  K 


t 

n^  and  n.,  being  speeds  at  beginning  and  end  of  the 
interval,  and  t  the  time  between  the  readings.  K  is 
unlaiown,  but  can  now  be  determined  by  finding  the 
value  of  10  from  the  curve  plotted  from  the  readings  (6), 
the  power  taken  from  this  curve  corresponding  to  the 

average  speed,  i.e.,  — — ^ — ^revs.  per  mmute. 

In  this  way  three  or  four  values  of  K  are  obtained. 
The  average  of  these  values  should  be  taken  and  em- 
ployed in  calculating  the  power  at  the  remaining  speeds 
for  which  readings  were  taken. 

Curves  are  then  plotted  as  shown  in  Fig.  79,  showing 
the  losses  at  various  excitations,  and  with  the  machine 
unexcited. 

The  Curve  I.  (machine  without  excitation)  will  give 
the  friction  losses.  The  ordinates  of  this  curve  may  be 
subtracted  from  those  of  the  other  curves  to  give  the  iron 
losses  at  any  speed.  The  iron  losses  may  be  further 
separated  into  eddy- current  and  hysteresis  losses  by  the 
same  method  as  that  employed  in  Experiment  XXa. 

The  Curves  Figs.  78  and  79,  are  taken  from  the 
results  given  by  Prof.  Peukert  in  the  Electrotechnische 
Zeitschrift  for  May  2nd,  1901,  and  the  following  examples 
of  the  calculation  of  the  constant  K  and  its  use  in  deter- 
mining points  on  the  Curves  Fig.  79  will  make  the  method 
clear.  The  calculation  is  not  carried  out  in  exactly  the 
same  manner  as  by  Prof.  Peukert. 

Readings  were  taken  every  5  sees. 

Referring  to  Fig.  78,  Curve  III.  (normal  excitation), 
speed  after  5  sees,  was  884  =  n^, 

after  10  sees,  speed  was  640  =  n.,. 
Hence    formula    w  =  K  — — - — ^    becomes 
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^  884-'  -  640-'        _  .  „„,    ^ 
w  =  K r =  74,3  / 1  K 


,     »  884  +  640       _^_ 
for  a  mean  speed  of ^ =762   revs,    per   minute. 

At  tliis  speed,  it  was  fomid  (readings  h)  that  the  no-load 
losses  were  446  watts. 

Hence,  to  find  K,  we  write  : — 

to  =  446  =  74,371  K. 

.-.  K=    006  practically. 


,.L_ hL. . .     ....,-..   ... 

10        20      30      40       50      60       70 
Seconds. 
Fig.  78.— Retardatxox  Curve.s. 

Curve    I. — Machine  uuexcited. 
,,      II. — Half-iiovmal  excitation. 
.,    III. — Xormal  excitation. 


This  reading  agreed  with  the  average  of  a  number  of 
similar  determinations  of  K. 

The  method  of  deternmiing  points  on  the  other  curves 
may  be  illustrated  by  one  further  example. 
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In  Curve  I.  after  25  sees,  speed  =  580  ^  n^ 
after  30  sees,  speed  =  490  =-  n.. 


mean  speed  = 


580  +  490 


=  535. 


2v=  -006 


580-  -  490- 


=    115-56. 


This  is  seen  to  correspond  with  the  point  on  Curve  I., 
Fig.  79,  at  a  speed  of  535. 

In  this  experiment  for  the  determination  of  core 
losses,  the  importance  of  maintaining  the  conditions  of 
measurement   absolutely   the    same   exists    as  described 
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Fig.  79.— No-load  Losses. 

Curve  I. —Machine  uiiexcited. 
,,    II. — Half-normal  excitation. 
„  III. — Normal  excitation. 
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above.  The  machines  should  be  run  for  a  considerable 
time  before  any  measurements  are  made,  so  that  the 
bearings  may  assume  their  running  conditions. 

Maker's  Tests. — Usually  d^mamos  are  built  to  fulfil  cer- 
tain specified  conditions  as  regards  heating,  capacity  to 
stand  overloading,  insulation,  &c.  In  some  cases  these 
conditions  are  stipulated  for  by  the  purchaser  ;  in  other 
cases  the  manufacturer  applies  his  own  tests  to  each 
macliine  as  it  is  made,  and  sells  the  macliines  with  a 
guarantee  that  they  have  passed  such  tests. 

It  is  usual  to  subject  machines  when  made  to  a  test 
consisting  of  a  six  hours'  rmi  at  full  load.     If  the  machine 
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performs  the  run  satisfactorily,  the  temperature  of  its 
armature  and  field  coils  is  measured  and  recorded  on  the 
completion  of  the  run.  A  test  of  the  machine  is  also 
made  in  some  cases  at  a  load  above  the  normal,  perhaps 
at  25  per  cent.,  or  even  50  per  cent,  overload.  Unless 
specially  specified  for,  this  test  would  usually  only  last 
for  a  short  period,  say  25  per  cent,  overload  for  a  half  to 
one  horn',  and  50  per  cent,  for  a  few  minutes  only,  in 
order  to  ascertain  the  behaviour  of  the  machine  as 
regards  sparking. 

At  the  conclusion  of  the  test,  while  the  machine  is 
still  hot,  the  resistance  of  the  armature  and  field  windings 
should  be  accurately  measui'ed  and  recorded. 

The  usual  methods  of  determining  the  temperature  of 
the  windings  have  already  been  described. 

For  testing  a  motor,  a  special  pulley  provided  with 
flanges  at  the  edges,  and  suitable  arrangements  for 
maintaining  a  flow  of  water  round  the  inside  of  the  rim,  is 
employed.  A  rope  or  other  suitable  brake  is  applied  to 
the  pulley,  and  a  four  or  six  hom's'  run,  to  test  the  heating 
of  the  motor,  is  carried  out.  More  often,  the  motor  is 
loaded  by  making  it  drive  a  dynamo,  which  then  sup- 
plies current  either  to  a  resistance  or  is  made  to  provide 
a  part  of  the  current  required  by  the  motor,  as  in  the 
Hopkinson  method  of  testing.  Electro-magnetic  brakes, 
which  have  recently  been  introduced,  have  already  been 
referred  to. 

In  the  case  of  either  a  dynamo  or  motor  test,  readings 
are  taken  at  regular  intervals  (say  every  five,  ten,  or 
fifteen  minutes)  tln-oughout  the  run. 

These  readings  should  be  entered  on  a  form  similar  to 
that  on  page  86  for  the  dynamo,  and  on  page  150  for  the 
motor.  In  both  cases  the  final  temperature,  and 
resistance  of  both  armatme  and  field  windings  should  be 
added. 

As  an  example  of  the  temperature  rise  allowable  in 
generators,  the  following  is  taken  from  an  Admiralty 
specification  : — 

"  At  the  end  of  a  six  hours'  trial,  and  one  minute 
after  stopping  the  machine,   no  accessible  part  of  the 
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armature  or  field  magnet  must  have  a  temperature  of 
more  than  30^  Fah.  above  that  of  the  dynamo-room, 
taken  on  the  side  of  the  dynamo  remote  from  the  engine, 
and  3ft.  distant  from  it.  Also,  the  maximum  tempera- 
ture of  the  armatiu-e  at  the  end  of  the  six  hours'  trial 
must  not  exceed  the  temperature  of  the  dynamo-room 
by  more  than  70°  Fah." 

In  carrying  out  such  a  test  it  is  usual  to  read  the 
temperature  on  mercury  thermometers  wdth  narrow  bulbs, 
the  thermometer  bulb  being  placed  against  the  coil  and 
covered  over  with  cotton  wool  to  prevent  radiation. 
More  satisfactory  methods  have  been  discussed  earlier. 

In  the  case  of  motors,  the  rise  in  temperature  which 
may  be  allowed  depends  very  largely  upon  the  use  to 
which  they  are  to  be  put. 

In  motors  hkely  to  run  at  full  load  continuously  for 
long  periods  (motors  driving  shafting,  &c.),  a  similar 
specification  to  that  enforced  for  dynamos  should  be 
adopted,  say,  the  maximum  rise  above  the  temperature 
of  the  room  not  to  exceed  40°  or  45°  C.  {i.e.,  104°  or 
113°  Fah.)  when  measiu"ed  on  any  accessible  part.  The 
internal  temperature  of  the  Avindings  will  of  necessity 
exceed  this  limit,  as  already  mentioned. 

Motors  which  are  used  only  for  intermittent  uork 
{e.g.,  for  cranes,  tramcars,  hoists,  &c.),  when  tested  for 
one  hour  at  their  rated  full-load  should  generally  not 
show  a  temperatme  rise  exceeding  70°  C.  {i.e..  158°  Fah.), 
although  it  would  be  obviously  impossible  to  lay  down 
a  single  rule  for  machines  used  in  a  variety  of  ways 

In  order  to  avoid  the  uncertainty  attaching  to  the 
term  "  intermittent  working,"  and  to  make  more  uniform 
the  conditions  of  testing,  the  British  Engineering 
(Standards  Committee  have  made  the  following  recom- 
mendations :■ — 

{a)  The  output  of  generators  and  motors  for  con- 
t  inuous  working  is  defined  as  the  output  at  which  they  can 
work  continuously  for  sia:  horns  and  conform  to  the 
prescribed  tests. 

(6)  The  output  of  motors  for  intermittent  working  is 
defined  as  the  output  at  whichjthey  can  work  for  one  hour 
and  conform  to  the  prescribed  tests. 
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Every  generator  and  motor  must  carry,  in  a  con- 
spicuous position,  a  name  plate  giving  particulars  of  the 
output.  In  the  absence  of  any  statement  to  the  con- 
trary, the  output  given  is  always  understood  to  mean 
the  output  for  continuous  working  under  Rating  (a). 

Name  plates  for  machines  under  Class  (6)  shall  bear  the 
word  "  Intermittent." 

The  output  and  full-load  speed  marked  on  the  name 
plate  shall  be  those  taken  when  the  machine  is  at  its 
normal  working  temperature,  as  determined  at  the  close 
of  the  test  run  referred  to  above. 

All  generators  shall  have  their  outputs  stated  in 
kilowatts  (kw.).  AU  motors  shaU  have  their  outputs 
stated  in  brake  horse-power. 

The  Testing  of  Combined  Engine  and  Dynamo  Sets. — In  cases 
where  a  dynamo  is  driven  by  a  direct-coupled  engine,  it  is 
frequently  necessary  to  determine  the  total  efficiency  of 
the  combined  set  consisting  of  engine  and  dynamo.  The 
efficiency  of  such  a  set  should,  strictly  speaking,  be  stated 
as  the  ratio  of  the  power  given  out  by  the  djniamo  to  the 
power  delivered  to  the  engine.  It  is  generally  more 
useful  to  compare  the  output  of  the  dynamo  with  the 
amount  of  steam  supphed  to  the  steam  engine,  or  with 
the  amount  of  gas  or  oil  supplied  to  the  gas  or  oil  engine, 
if  they  are  employed  as  drivers. 

Thus  it  is  usual  in  the  case  of  a  steam-di'iven  plant  to 
specify  its  efficiency  by  saying  that  the  consumption  of 
steam  is  a  certain  number  of  pounds  per  electrical  horse- 
power per  hour,  or  E.H.P.  output  per  hour. 

A  gas-driven  plant  would  be  said  to  require  a  given 
number  of  cubic  feet  of  gas  per  electrical  horse-power  hour. 

In  the  test  of  a  combined  steam  set,  the  steam  con- 
sumption is  measured  by  making  measurements  of  the 
steam  exhausted  from  the  cyUnder  after  condensation. 
If  the  steam  engine  normally  works  non-condensing, 
the  exhaust  steam  being  intended  to  escape  into  the 
atmosphere,  a  surface  condenser  must  be  provided  for  the 
purposes  of  the  test.  The  steam  is  then  exhausted  from 
the  cylinder  into  the  condenser,  where  it  is  cooled  by  the 
action  of  a  cm*rent  of  cold   water   flowing  through  the 
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condenser,  but  prevented  by  the  condenser  walls  from 
mixing  with  the  steam.  From  the  condenser  the  con- 
densed steam  flows  into  the  measuring  tanks.  The  method 
of  measuring  the  water  thus  collected  from  the  condenser 
will  depend  on  the  duration  of  the  test. 

If  the  test  is  only  of  short  duration,  it  will  probably  be 
convenient  to  collect  all  the  condensed  water  in  a  tank,  and 
measure  the  total  amount  after  the  conclusion  of  the  test. 

If  the  test  is  to  be  a  long  one,  it  would  be  inconvenient 
to  employ  a  tank  large  enough  to  hold  aU  the  water  used, 
and  a  method  of  measuring  the  water  continuously  should 
be  adopted.  For  this  purpose  a  water  meter  may  be 
used,  but  such  instruments,  besides  being  somewhat 
costly,  are  very  liable  to  create  considerable  errors. 

The  most  accurate  method  of  measuring  the  condensed 
water  is  to  weigh  it.  To  do  this  continuously  necessitates 
the  use  of  two  tanks,  the  first  discharging  into  the  second, 
which  is  mounted  on  the  bed  of  a  weighing  machine.  As 
the  second  tank  becomes  full  it  is  shut  off  from  the  first 
tank  ;  the  weight  of  its  contents  is  noted,  and  the  water 
then  emptied  away.  After  this  the  tank  is  again  allowed 
to  fill  from  the  first  one.  By  suitably  arranging  the 
position  of  the  tanks,  the  first  over  the  second,  and 
providing  them  with  cocks,  this  process  may  be  made  to 
work  with  very  little  trouble. 

The  process  of  weighing  may  be  avoided  if  the  capacity 
of  the  tanks  into  which  the  water  is  run  has  been  previously 
determined,  or,  better  still,  if  the  measuring  tank  has  been 
experimentally  graduated  and  a  scale  marked  on  the  inside 
of  the  tank,  or  on  a  glass  gauge  fixed  outside,  the  divisions 
of  the  scale  corresponding  to  pomids  of  water. 

If  the  measurement  is  to  be  made  continuously  for  a 
long  period,  it  is  convenient  to  employ  two  tanks,  into 
wliich  the  condenser  discharges  alternately. 

A  very  simple  and  convenient  arrangement  of  this 
kind  is  to  divide  a  rectangular  tank  into  two  compartments 
by  a  vertical  plate,  not  quite  equal  in  height  to  the 
sides  of  the  tank.  Each  compartment  of  the  tank  is 
graduated  separately,  and  is  provided  with  a  glass  gauge 
and  scale.  The  condensed  steam  is  delivered  to  the  tank 
by  a  pipe  fitted  with  a  short  piece  of  rubber  tube.     By 


EFFICIENCY   TESTS    OF   DYNAMOS.  249 

displacing  the  free  end  of  the  rubber  tube  to  the  right  or 
left  the  pipe  can  be  made  to  discharge  into  either  com- 
partment of  the  tank.  A  plug  cock  is  fitted  to  each  com- 
partment to  allow  of  its  being  emptied.  Both  cocks 
deliver  into  a  tank  below  the  measuring  tank,  from  which 
the  feed  water  for  the  boiler  may  be  drawn. 

The  division  between  the  compartments  of  the 
measuring  tank  does  not  reach  quite  to  the  top  of  the  tank, 
so  that  if  the  observer  should  omit  to  switch  over  when  one 
compartment  is  full,  the  condensed  steam  will  simply  flow 
over  the  top  of  the  diaphragm  into  the  other  compart- 
ment, and  be  measured  in  that  compartment. 

If  the  temperature  of  the  water  flowing  into  the 
measuring  tank  is  much  different  from  the  temperature 
of  the  water  employed  in  calibrating  the  tank,  a  correct-ion 
must  be  made  to  allow  for  the  alteration  in  volume  of  the 
heated  water. 

Where  frequent  tests  are  made,  the  tank  is  often 
arranged  on  the  platform  of  a  lever  weighing  machine. 
A  special  provision  may  be  made  for  the  ringing  of  an 
electric  bell  as  soon  as  the  weight  of  water  in  the  tank  is 
sufficient  to  raise  the  weighted  lever  of  the  machine.  In 
measm'ing  the  steam  consumption  the  weight  on  the  beam 
is  moved  along  until  it  overbalances  the  water  in  the 
tank.  As  the  tank  fills  the  beam  rises  and  causes  the 
electric  bell  to  ring,  and  the  observer  then  notes  the  exact 
time  on  a  clock  conveniently  placed.  He  sets  the  weight 
farther  along  the  beam  by  a  certain  amount,  varying  from 
lOlbs.  to  SOOlbs.,  according  to  the  size  of  the  engine  and 
its  load,  so  that  the  beU  will  ring  again  after  some  con- 
venient number  of  minutes.  By  this  means  the  steam 
consumption  of  the  engine  throughout  the  test  can  be 
continuously  recorded. 

If  the  engine  is  of  the  condensing  type,  the  condenser 
air  pump  may  be  arranged  to  deliver  the  condensed  steam 
directly  into  the  measuring  tank,  or  the  measuring  tank 
may  be  put  into  communication  with  the  hot-well,  and 
measure  the  water  received  by  the  hot-well  from  the  con- 
denser. 

Steam  should,  if  possible,  always  be  supplied  to  the 
engine  through  a  separator,  to  prevent  condensed  water 
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entering  the  cylinder  with  the  steam.  The  consumption 
of  an  engine  is  supposed  to  be  stated  in  poimds  of  dry 
steam. 

The  electrical  output  is  measiu'ed  by  making  observa- 
tions at  regular  intervals  (say  every  minute  for  a  test 
extending  over  about  half  an  hour,  or  every  five  minutes 
for  a  more  extended  test)  of  the  voltage  and  current  of  the 
dynamo. 

The  electrical  connections  required  are  as  foUows  : 
If  the  dynamo  is  shunt  wound,  the  magnet  windings  must 
be  connected  to  the  dynamo  terminals  in  series  with  an 
adjustable  shunt  regulating  resistance  for  keeping  the 
main  voltage  constant,  and  correcting  for  the  alteration 
in  resistance  of  the  shunt  coils  as  they  become  heated.  If 
the  dynamo  is  compound  woimd,  the  series  \\dnding  must 
be  connected  in  series  with  the  main  external  circuit  of 
the  machine. 

The  load  is  applied  by  connecting  the  resistances 
wliich  are  to  absorb  the  energy  to  the  dynamo  terminals, 
an  ammeter  being  included  in  the  circuit.  A  voltmeter  is 
also  connected  to  the  terminals  for  reading  the  voltage 
generated. 

Diagrams  of  the  necessary  connections  are  shown — 

In  Fig.  24,  page  84,  for  a  shvmt  dynamo. 

In  Fig,  36,  page  111,  for  a  compoimd  dynamo. 

In  Fig.  29,  page  95,  for  a  series  dynamo. 

It  is  desirable  also  to  measure  the  exciting  current  and 
field  voltage  during  the  test. 

From  these  readings  the  field  losses,  as  well  as  the 
rise  in  temperature  of  the  field  coils,  can  be  determined. 

It  is  usual  to  conduct  tests  at  several  values  of  the 
load,  say  at  quarter,  half,  three-quarters,  and  full  load, 
since  the  efiiciency  at  light  loads  will  be  less  thanat  full 
load. 

The  pressure  of  steam  is  read  on  a  gauge  communi- 
cating with  the  engine  steam  chest,  since  the/pressure 
there  is  the  pressure  actually  received  by  the  engine. 
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The  form  for  entering  the  results  of  such  a  test  is  as 
follows  : — 

Experiment  XXI. — Steam   Consumption  Test   of  Com- 
bined Engine  and  Dynamo  Set. 

Results  of  Test  at Load. 

Observers Date 

Engine  No Type 

Dynamo  No Type 

Normal  Output Volts Amps,  at revs,  jjer  min. 


Time. 

Lbs.  of 

Water 

Collected. 

Pressure 

in  Steam 

Chest. 

Revolu- 
tions per 
minute. 

Output  of 
Dynamo. 

Field 
Excitation. 

Re- 

Volts. 

Amps. 

Volts. 

Amps. 

marks. 

Engine  working  (condensing  or  non-condensing). 
Cut-oft' in  cylinder  at of  stroke. 

A  series  of  readings  are  taken  and  entered  on  the 
above  form  for  each  value  of  the  load  for  which  it  is 
desired  to  test  the  steam  consumption. 

The  mean  values  of  the  quantities  entered  in  the 
columns  are  then  determined  for  each  set  of  readings,  and 
the  results  of  the  test  summarised  on  the  following  table, 
the  general  heading  being  the^same  as  for  the  previous 
table. 

Summary  of  Steam  Consumption  Test. 


p 

c  , 

•i6 

.S£ 

• 

ee   . 

Cl"        . 

ce  J) 

II 

Loail. 

Volts. 

"§ 
^ 

E.H.P. 

ti'i 

9  s 

^1 

>  u 

< 

5 

■  01 

Lbs. 
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In  the  above  table  the  "  lbs.  of  steam  per  hour  " 
means  the  rate  at  which  steam  is  supplied  to  the  engine 
measured  in  pounds  per  hour.  It  is  obtained  by  dividing 
the  weight  of  steam  condensed,  by  the  duration  of  the 
trial  in  minutes  and  multiplying  this  result  by  60. 

The  last  two  columns  are  obtained  by  dividing  the 
figures  in  the  column  "  lbs.  of  steam  per  hour  "  by  the 
corresponding  figures  in  the  columns  headed  "  E.H.P." 
and  "  Kilowatts." 

The  test  is  rendered  more  complete  if  the  indicated 
horse-power  of  the  engine  is  determined  by  a  few  indicator 
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diagrams  taken  at  equal  intervals  during  each  test. 
From  these  diagrams  the  mean  pressure  in  the  cylinder 
and  the  actual  power  exerted  by  the  steam  on  the  piston 
can  be  calculated. 

Frequently  a  brake  test  of  the  engine  alone  is  also 
made,  so  that  the  losses  occurring  in  the  engine  and 
djniamo  can  be  separated. 
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The  final  table  of  results  then  assumes  the  following 
form,  the  general  heading  again  being  as  before  : — 

Summary  of  Steam  Consumption  Test. 


=3  p. 


Steam 

Consumption  in 

lbs.  per  hour. 
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B.H.P. 


Per 
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Effl.ien,.-y^"P-^^O^tput 
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In  Fig.  80  are  given  three  curves,  showing  graphically 
the  result  of  a  steam   consumption  test  of  a   Willans- 
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Siemens  set.     The  engine  was   compomid,   of  360  h.p., 
working  without  condensation. 

The  upper  straight  Une  shows  that  the^steam  consump- 
tion increased  in  direct  proportion  to  the  electrical  output. 
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This  is,  as  a  general  rule,  found  to  be  the  case  in  steam 
trials. 

^The  two  lower  cui'ves  show  how  the  consumption  per 
electrical  horse-power  and  per  indicated  horse-power 
decrease  with  an  increased  load,^on  the  engine.  These 
curves  should,  of  course,  always  slope  dowoiwards,  showing 
an  increased  efficiency  of  the  set  at  higher  loads. 

The  upper  two  curves  in  Fig.  81  apply  to  the  same 
test,  and  show  the  combined  efficiency  at  various  loads, 
and  also  the  indicated  horse-power  compared  with 
electrical  output.  The  lower  straight  line  is  added  for 
comparison  with  the  indicated  horse-power  line,  the 
distance  measured  vertically  between  the  two  giving  the 
power  spent  in  overcoming  frictional  and  analogous  losses 
occurring  in  the  engine  and  dynamo. 

The  lines  in  this  case  are  apparently  parallel.  In 
reality  they  must  diverge  slightly  for  increased  values  of 
the  output,  since  the  losses  in  the  journals,  and  the 
electrical  losses  in  the  armature  conductors,  and  those  due 
to  eddy  cmrents,  must  increase  slightly  with  the  load, 
although  this  increase  will  generally  be  only  slight  at 
constant  speed. 


CHAPTER  XII. 

Miscellaneous  Tests. 

Insulation  Tests. — There  are  two  distinct  properties 
which  the  insulation  of  a  completed  macliine  should 
possess. 

Firstly,  the  ability  to  withstand  the  application  of  a 
hitjh  voltage  for  a  long  time  without  deterioration.  This 
is  the  dielectric  strength  of  the  insulation. 

Secondly,  the  insulation  must  offer  a  sufficiently  high 
resistance  to  prevent  any  appreciable  leakage  in  working. 
That  is,  its  insulation  resistance  must  be  high.  These 
two  properties  are  not  necessarily  to  be  found  together  in 
insulating  materials. 

The  insulation  of  a  djmamo  or  motor  should  first  be 
tested  by  the  application  of  an  alternating  voltage  5  to 
10  times  the  working  pressure  of  the  machine,  applied 
between  one  of  the  main  terminals  and  the  frame.  This 
test  is  to  make  sm'e  that  all  conductors  are  insulated 
from  the  iron  portions  of  the  machine,  which  are  frequently 
uninsulated  from  the  earth. 

After  this  test  of  the  dielectric  strength  of  the  insula- 
tion, that  is,  its  strength  to  withstand  the  breaking- 
down  strain  of  a  liigh  voltage,  the  insulation  resistance 
should  be  measured.  This  should  be  done  both  when  cold 
and  when  the  macliine  is  heated  by  a  run. 

The  insulation  test  may  be  made  by  any  of  the  usual 
testing  sets,  such  as  the  Silvertown  or  Siemens'  insulation 
testing  set.  A  usual  method  is  to  use  a  battery  of  cells 
giving  a  pressure  of  about  200  volts,  connected  in  series 
wdth  the  insulation  resistance  to  be  measured,  and  with  a 
sensitive  galvanometer  of  which  the  constant  is  known. 
Any  leakage  which  takes  place  through  the  insulation 
will  deflect  the  galvanometer.  The  amount  of  leakage 
current  corresponding  to  the  galvanometer  deflection  is 
calculated  from   the   constant   of  the  instnmient.     The 
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resistance  in  the  circuit  is  given  by  dividing  the  voltage  of 
the  battery  by  this  current.  Subtracting  the  galvano- 
meter resistance,  the  insulation  resistance  is  obtained. 

The  following  is  a  simple  method  not  requiring  the  use 
of  any  special  apparatus  beyond  a  voltmeter,  and  appli- 
cable wliile  the  machine  is  at  work.  It  is  specially 
suitable  as  a  periodic  test  to  be  apphed  to  motors  and 
dynamos  wliile  in  continued  use. 

This  method  is  frequently  used  in  testing  the  insula- 
tion resistance  of  the  conductors  of  an  installation.  In 
such  a  case  the  connections  are  made  from  the  con- 
ductors to  a  weU  ''earthed"  metal  object,  such  as  the 
Avater  or  gas  pipes.  The  bed  of  a  dj-namo  is  sometimes 
entirely  or  partially  insulated  from  the  earth. 

Experiment  XXII. — Determination  of  the  Insulation 
Resistance  of  a  Dynamo  while  Running. 

Instructions. — ^^^lile  the  machine  is  rimning  and  giving 
its  full  voltage,  connect  the  terminals  of  a  voltmeter 
respectively  to  one  terminal  of  the  dynamo  and  to  any  con- 
venient point  on  the  frame.     Note  the  voltmeter  reading. 

Take  a  second  reading  with  the  voltmeter  connected 
to  the  other  terminal  of  the  macliine  and  to  the  frame. 

Read  the  voltage  between  the  machine  terminals. 


R. 


(^ 


\R2 


Fig.  82.— Measurement  of  Insulation  Resistance. 

The  ioint  insulation  resistance  between  the  windings 
and  the  frame  is  given  by  the  formula 

p  _   I         ^ 1  1  ^ 

\V,  +  V,       ^  I  ^ 
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where  the  symbols  have  the  following  signification : — 

A  B    the  two  terminals.     (See  Fig.  82,  page  256.) 

F        the  frame. 

i?i  ^2  insulation  resistance  between  the  respective  ter- 
minals and  the  frame. 

Fi  F.,  readings  of  the  voltmeter  when  connected  with 
the  frame  and  A  and  B  respectively. 

V        voltage  measm-ed  between  A  and  B. 

G         resistance  of  voltmeter. 

R        combined  insulation  resistance  of  windings  from 
the  frame. 

1 

^L  1. 

R^     Ro 

Calculation. — The  leakage  current  flows  from  one  pole 
of  the  machine  to  the  other,  passing  first  from  the  +  pole 
to  the  frame,  and  then  from  the  frame  to  the  —  pole. 

The  algebraical  sum  of  the  currents  fiowing  to  the 
frame  from  the  conductors  connected  to  the  two  poles  of 
the  machine  will  therefore  always  be  zero. 

Hence  when  the  voltmeter  is  connected  to  A,  the  sum 
of  the  currents  flowing  to  and  from  the  frame 
V        V        V  —V 
-  R,^  G    ^      i?i 
and  when  the  voltmeter  is  connected  to  B,  the  currents 
flowing  are 

Ri        G  R2 

Adding  these  equations  : — 


''.(2|4)-'''(i^4)-4^1:) 


i_U ''.+''' 


G      ~"     . 

that  is,  since  R  =  ^| ^ 

—  +  — - 
R^         i?2 

1  V    +  V 

or  R  =  (y-—-y  —  1\  G  as  given  above. 

Note. — The  voltmeter  employed  should  have  approxi- 
mately the  same  resistance  as  that  of  the  insulation  to  be 
measured  in  order  to  get  the  maximum  sensitiveness. 

M 
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Magnetic  Leakage. — A  certain  proportion  of  the  magnetic 
lines  produced  by  the  magnet  windings  of  a  dynamo 
or  motor  do  not  follow  the  iron  magnetic  circuit 
of  the  machine,  but  "  leak  "  across  from  one  part  of  the 
circuit  to  another  tlu-ough  the  air.  Many  of  these  hnes 
do  not  pass  tlnough  the  armature  core,  and  are  conse- 
quently without  effect  upon  the  voltage  or  output  of  the 
machine.  The  lines  of  force  which  do  not  pass  through 
the  armature  form  what  is  called  the  "  stray  field." 

The  magnetic  leakage  between  any  two  points  of  the 
magnetic  circuit  depends  on  the  relative  magnetic  resis- 
tance of  the  path  formed  by  the  magnetic  circuit,  and  the 
"  leakage  path  "  through  the  air  or  any  iron  situated  in 
the  neighbom'hood.  Consequently  there  will  usually  be 
considerable  leakage  between  surfaces  only  a  smaU 
distance  apart. 

In  some  types  of  2-pole  dynamos,  for  instance,  the 
distance  apart  of  the  inner  faces  of  the  magnet  limbs  is 
small,  whereas  the  iron  portion  of  the  magnetic  circuit 
joining  the  hmbs  tlu*ough  the  yoke  is  of  considerable 
length,  and  consequently  a  number  of  lines  pass  across 
the  air  space  between  the  limbs  instead  of  through  the 
iron  yoke.  If  the  yoke  is  of  insufficient  section  the  number 
of  leakage  hnes  wiU  be  increased. 

The  magnetising  force  of  the  magnet  windings  must 
be  sufficient  to  produce  the  required  strength  of  field 
through  the  armature,  as  well  as  the  hnes  of  the  stray 
field  which  are  not  cut  by  the  armature  conductors. 

The  object  of  the  following  experiment  is  to  determine 
what  proportion  of  hnes  of  force  in  the  magnetic  circuit  oi 
a  dynamo  or  motor  do  not  pass  through  the  armature, 
and  do  not  therefore  contribute  to  the  voltage  of  the 
machine,  but  form  the  "  stray  field." 

The  ratio  of  the  total  number  of  lines  formed  to 
the  number  which  pass  through  the  armature  is  known 
as  the  "  leakage  coefficient  "  of  the  machine. 

Experiment  XXIII. — Determination  of  the  Leakage  Co- 
efficient OF  THE  Magnetic  CrRCiriT  of  a  Dynamo 
OR  Motor. 

Connections. — Wind  a  small  number  of  turns  of  in- 
sulated wire  round  the  centre  of  one  magnet  limb  of  the 
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machine.  The  best  number  of  turns  will  depend  on  the 
size  of  the  magnet  and  the  sensitiveness  of  the  galvano- 
meter— usually  between  2  and  10  turns  should  be  suf- 
ficient. The  wire  should  be  wound  closely  round  the 
magnet,  and  the  ends  brought  out  and  twisted  together  to 
prevent  stray  lines  from  affecting  the  deflection. 

Connect  the  ends  of  this  winding  to  a  ballistic  galvano- 
meter, putting  a  non-inductive  resistance  in  series  with 
the  galvanometer,  if  necessary,  to  prevent  the  deflections 
being  too  large. 

The  galvanometer  should  be  at  a  considerable  distance 
from  the  machine  being  tested,  to  prevent  its  being 
affected  by  the  stray  field. 

Connect  the  field  windings  to  a  source  of  current 
through  a  switch,  including,  if  necessary,  a  resistance  to 
reduce  the  current  to  the  value  of  the  normal  exciting 
current  of  the  machine. 

Instructions. — Close  the  switch  in  the  magnetising 
circuit  suddenly,  and  note  the  galvanometer  throw  {i.e., 
the  furthest  point  to  which  the  needle  swings). 

After  the  needle  has  returned  to  rest,  open  the  switch 
rapidly,  and  again  note  the  throw. 

Take  similar  readings  several  times  with  the  exploring 
coil  in  the  same  position  on  the  magnet. 

Enter  results  thus  : — 

DETERMINATION  OF  LEAKAGE  COEFFICIENT  OF 
A  DYNAMO. 

Observer Date 

Dynamo  No Type 

Normal  output amps volts,  at revs,  per  min. 


Position 

Armature 
Current. 

Exciting 
Current. 

Galvanometer  Deflections. 

Coefficient  of 

Leakage 

_ Max.  deflection. 

Min.  deflection. 

of 
Coil. 

On 

Making. 

On 
Breaking. 

Mean. 
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Then  repeat  the  readings  with  the  coil,  or  an  equal 
number  of  turns  of  wire,  situated  successively  at  each 
end  of  the  magnet  limbs,  round  the  yoke  and  roimd  the 
armatm'e,  as  nearly  as  possible  in  the  plane  of  the  shaft 
perpendicular  to  the  axis  of  the  field. 

The  difference  between  the  greatest  and  least  deflection 
obtained  with  the  coil  in  different  positions  will  give 
approximately  the  proportion  of  leakage  lines.  The 
least  deflection  wiU  be  obtained  Avith  the  coil  wound  round 
the  armature  core. 

The  test  should  be  carried  out  with  various  degrees 
of  saturation  of  the  field,  and  also  with  the  armature  of 
the  machine  carrying  its  full-load  current  supplied  from 
an  external  source.  The  leakage  increases  at  heavy 
loads,  on  account  of  the  magnetic  reactions  of  the  arma- 
ture, especially  when  the  brushes  are  given  a  considerable 
angle  of  forward  lead.  The  armature  should  be  held 
stationary,  or  it  will  rotate  on  "  making  "  the  field. 

It  is  extremely  difficult  to  get  exact  results  by  any 
baUistic  method  such  as  that  described  above.  Conse- 
quently, it  would  be  miwise  to  base  any  calculation  of  the 
actual  number  of  fines   of  force  in  the   field  upon   the 


Fig.  S3.— Method  of  Measuring  Voltage  Rodnd  the  Commutator. 

result  of  such  a  test.  If  carried  out  carefully  with 
sufficient  precautions  to  maintain  miiform  conditions 
during  the  experiment,  the  test  may  safely  be  taken  as 
giving  the  relative  number  of  lines  in  different  parts  of 
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the  magnetic  circuit.  If  it  is  desired  to  calculate  from 
experiment  the  actual  number  of  lines,  this  should  be 
done  as  described  in  Experiment  IV.,  page  32. 

Determination  of  Voltage  Round  the  Armature. 

General  Description. — ^A  completely  different  method  of 
investigating  the  actions  occurring  in  the  armature  from 
any  of  those  previously  discussed,  is  to  measure  the 
voltage  induced  in  the  coils  connected  between  individual 
pairs  of  commutator  segments  at  different  points  in  their 
rotation.     This    is    done    by    small    auxiliary    brushes, 


CONDENSER 


Fio.  84.— Method  op  Testing  Voltage  Round  Commutator. 

which  can  be  made  to  make  contact  with  the  commuta- 
tor at  any  angle,  making  it  possible  to  determine,  by  means 
of  a  voltmeter,  the  voltage  generated  in  any  portion  of 
the  armature. 

There  are  two  principal  methods  of  making  a  complete 
measurement  of  the  voltage  generated  between  each  pair 
of  commutator  segments.  One  method  is  to  use  two 
smaU  brushes  insulated  from  each  other,  and  fixed  at  a 
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distance  apart  equal  to  the  distance  between  two  segments. 
By  moving  the  carrier  supporting  these  brushes  round,  so 
as  to  enable  them  to  make  contact  at  a  succession  of 
points  round  the  commmutator,  the  electromotive  force 
induced  in  the  conductors  at  any  point  of  the  revolution 
may  be  read  off  on  a  low-reading  voltmeter  connected  to 
the  auxiliary  brushes.  The  method  is  indicated  in  Fig. 
83.* 

The  other  method  (see  Fig.  84)  consists  in  having  a 
single  exploring  brush  only,  which  may  be  brought  into 
any  position  on  the  commutator.  The  difference  in 
voltage  between  one  of  the  main  brushes  of  the  machine 
and  the  exploring  brush,  when  moved  into  various 
positions,  is  then  read  upon  a  voltmeter.  By  taking  a 
succession  of  readings,  the  exploring  brush  being  moved 
away  from  the  main  brush  by  a  distance  equal  to  the 
width  of  one  segment  between  each  reading,  an  increase 
of  electromotive  force  equal  to  that  generated  in  the 
conductors  connected  to  one  pair  of  segments  is  added  to 
the  voltmeter  reading  each  time. 

The  use  of  the  pair  of  exploring  brushes  has  the 
advantage  that  the  readings  of  the  voltmeter  vary  to  a 
less  extent,  since  they  never  exceed  the  voltage  between 
one  pair  of  segments.  In  the  second  arrangement,  with  a 
single  pilot  brush,  the  voltage  to  be  read  varies  from  zero 
to  the  full  voltage  of  the  machine.  This  necessitates 
the  use  of  a  voltmeter,  or  voltmeters,  having  a  very  wide 
range  of  sensitiveness. 

Whichever  method  is  adopted,  the  mode  of  procedure 
is  much  the  same.  The  auxihary  brush  must  be  arranged 
so  as  to  be  capable  of  moving  the  point  of  contact  round 
the  commutator  from  the  positive  to  the  next  negative 
brush.  This  will  be  a  range  of  a  complete  semicircle  in 
the  case  of  a  2-pole  dynamo.  A  dial  should  be  attached 
to  the  machine,  divided  into  degrees,  or,  preferably,  into 
divisions  corresponding  to  the'^commutator  segments,  so 
that  the  movement  given  to  the'brush  holder  can  be  easily 
adjusted.  Usually  the  most  convenient  attachment 
consists  in  a  slotted  semicircular  casting  of  brass,rwliich 
can  be  screwed  on  to  the  side  of  the  field  magnets.     The 

*  The  readings  of  the  voltmeter  will  be  slightly  lower  than  the  actual  difference 
in  voltage  between  the  segments,  owing  to  the  fact  that  in  passing  from  one 
segment  to  another  the  brushes  will  be  short-circuited  for  an  instant. 
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exploring  brush  is  then  fixed  to  a  stud  provided  with  a 
curved  head  fitting  into  the  slot  of  the  casting,  a  clamping 
nut  serving  to  fix  it  in  position. 

In  dynamos  made  specially  for  experimental  work,  a 
special  attachment  is  sometimes  provided,  fixed  to  the 
bearing  of  the  machine. 

Another  method  of  altering  the  point  of  contact  is 
shown  in  outhne  in  Fig.  84.  This  is  simple  to  fix,  but 
generally  necessitates  the  use  of  an  electrostatic  voltmeter 
or  electrometer,  instead  of  a  voltmeter  of  the  more  com- 
mon moving-coil  or  electro-magnetic  types.  This  is 
owing  to  the  fact  that  the  voltage  to  be  measured  is  only 
applied  to  the  instrument  intermittently,  just  at  the 
moment  when  the  brush  B  touches  the  metal  strip  C,  that 
is,  once  during  a  revolution.  This  would  either  cause  an 
ordinary  voltmeter  to  oscillate  rapidly,  or  else  (if  the 
voltmeter  were  sufiiciently  dead-beat)  to  take  up  some 
mean  position  lower  than  that  corresponding  to  the 
voltage  applied  during  the  instant  of  contact. 

As  an  alternative  to  the  electrostatic  voltmeter,  a 
condenser  which  is  charged  or  discharged  through  a 
baUistic  galvanometer  may  be  used.  The  galvanometer 
must  be  calibrated  by  charging  the  condenser  from  a 
source  of  known  voltage,  and  discharging  tlu-ough  the 
galvanometer.  If  the  throws  of  the  galvanometer  needle 
are  small,  voltages  may  be  taken  as  proportional  to  the 
throw.  If  the  galvanometer  needle'swings  through  a  con- 
siderable angle,  the  voltage  must  be  taken  as  proportional 
to  the  sine  of  half  the  angle  of  the  throw. f 

1-For  example,  suppose  that  when  a  condenser,  charged  from  cells  to  a  voltage 
V,  is  discharged  through  the  galvanometer,  it  is  found  to  give  a  throw  of  o 
millimetres  on  a  scale  fixed  at  a  distance  of  r  millimetres  from  the  galvano- 
meter.   The  angle  of  deflection  measured  in  circular  measure=    ^^P  ,  =—^,  since, 

for  all  practical  purposes,  the  scale  may  be  taken  to  form  part  of  the  circum- 
ference of  a  circle  of  which  the  galvanometer  is  the  centre. 

Suppose  that  the  condenser  is  then  charged  from  the  exploring  brushes  of 
the  machine,  and,  on  being  discharged  through  the  galvanometer,  the  deflection 
is  «'. 

Then  the  second  voltage  V  is  given  by  the  proportion 


V 


'  ir 


sin-; — 
ir 

The  factor  Ar  in  the  denominator  occurs  in  the  case  of  a  reflecting  galvano- 
meter instead  of  2r,  because  the  angle  moved  through  by  the  spot  of  light,  which 
serves  as  the  index,  is  twice  the  angle  moved  through  by  the  mirror  itself. 
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The  connections  necessary  for  alternately  charging 
and  discharging  the  condenser  are  indicated  in  Fig.  85. 
The  2-way  key  should  remain  in  the  position  for  charging 
the  condenser  except  when  a  reading  is  to  be  made.  A 
Morse  telegraph  key  answers  very  well  for  the  purpose. 

In  the  arrangement  of  contacts  sho\\Ti  in  Fig.  84,  the 
brush  B  is  fixed,  and  makes  contact  with  a  metal  strip 
C  let  into  the  edge  of  a  disc  D  of  wood  or  other  insulating 
material,  which  rotates  with  the  shaft  of  the  machine. 
The  metal  contact  strip  C  is  in  metallic  connection  with  a 
small  metal  spring  S  which  presses  on  one  segment  of  the 
commutator. 

Hence,  once  during  each  revolution  of  the  commutator 
tliis  segment  is  connected  to  one  pole  of  the  voltmeter, 
while  one  of  the  main  brushes  is  permanently  connected 
with     the     other     pole.     The     voltmeter     consequently 

EXPLORING  BRUSHES 

Sni"    , 

CONbENSEP 


COMMUTATOR  \^_^  GALVANOMETER 

Fro.  85.— Method  of  Measuring  Voltage  Round  the  Commutator. 

reads  the  difference  of  potential  between  the  main  brush 
and  the  segment  in  contact  with  the  spring.  By  arranging 
that  the  position  of  the  segment  contact  S  may  be  placed 
at  any  angle  relative  to  the  contact  C,  the  difference  of 
potential  corresponding  to  any  position  of  the  segment 
may  be  obtained. 

The  particular  arrangement  sketched  in  Fig.  84  is 
very  easy  to  fit  up.  The  rotating  portion  consists  of  two 
discs  of  wood  D  and  E  which  can  be  rotated  relatively  to 
each  other  and  fixed  together  in  any  position  by  a  couple 
of  screws  moving  in  a  circular  slot.  One  of  the  discs  is 
fixed  to  the  shaft  ;  the  other  disc  is  carried  round  by  it. 
The  disc  D  has  a  contact  piece  C  let  into  one  point  of  its 
rim.  This  contact  has  a  tongue  which  makes  contact 
with  the  continuous  metal  rim  with  which  the  other  disc 
E  is  provided.  The  metallic  rim  of  E  is  connected  to  a 
small  spring  S,  which  presses  upon  the  commutator.     By 
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moving  the  discs  relatively  to  each  other,  the  position  of 
the  segment,  which  is  put  momentarily  in  contact  with  the 
voltmeter  through  the  brush  B,  can  be  varied  as  desired. 

A  condenser  will  be  seen  in  Fig.  84  connected  in 
parallel  with  the  voltmeter.  This  will  usually  be  found 
necessary  in  order  to  get  a  steady  reading  on  the  voltmeter 
— indeed,  many  voltmeters  will  not  give  a  reading  at 
all  without  the  condenser,  the  voltmeter  being  of  so  small 
a  capacity  that  it  discharges  itself  too  rapidly  to  affect  the 
slow-moving  needle.  ' 

Experiment  XXIV. — Determination  of  Voltage  Curve 
Round  the  Commutator. — From  what  has  been 
said  above,  the  method  of  carrying  out  the  measurements 
ought  to  be  clear.  The  exact  connections  and  course  to  be 
adopted  depend  so  much  on  the  nature  of  the  apparatus 
employed,  that  complete  instructions  as  to  connections 
and  readings  cannot  be  given. 

Connect  the  contact  maker  to  a  voltmeter  of  suitable 
range.  If  the  voltage  between  consecutive  segments 
only  is  being  measured,  the  voltmeter  need  have  only  a  low 
range  of  readings.  The  position  of  the  contact  should  be 
moved  forward  by  the  exact  angle  corresponding  to  one 
commutator  segment  between  each  reading. 

'  If  it  is  easy  to  stop  and  restart  the  machine,  this  may 
be  most  easily  done  by  stopping  the  machine  and  adjusting 
the  position  of  the  armature  until  the  tip  of  the  brushes 
coincides  with  the  division  between  two  commutator 
segments,  then  moving  the  brushes  forward  by  the 
width  of  one  segment. 

Connect  the  main  dynamo  terminals  to  another  volt- 
meter. By  means  of  an  adjustable  field  regulating 
resistance  maintain  the  readings  of  this  voltmeter  con- 
stant, to  insure  that  all  readings  are  taken  while  the 
dynamo  is  giving  the  same  voltage.  If  the  dynamo  voltage 
cannot  be  kept  constant,  a  proportional  correction  must 
be  made  in  the  readings. 

Take  a  series  of  readings  while  the  machine  is  giving 
no  current.  Then  take  a  similar  series  of  observations 
with  the  machine  giving  out  its  fuU-load  current,  in  order 
to  ascertain  the  effect  of  the  armature  current  upon  the 
field  distribution. 
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The  table  given  below  shows  the  method  of  recording 
the  readings. 

In  this  and  in  similar  experiments  considerable  errors 
may  be  introduced  by  the  contact  resistance  of  the 
auxihary  brushes  connected  to  the  voltmeter. 

If  the  contact  surfaces  are  not  quite  clean,  or  the 
vibration  due  to  the  rotation  of  the  commutator  is 
sufficient  to  make  the  contact  uncertain,  the  readings  of 
the  voltmeter  will  not  be  reliable.  This  can  sometimes 
be  detected  by  merely  pressing  the  brush  rather  harder  on 
to  the  commutator,  and  observing  whether  the  voltmeter 
deflection  is  affected. 


DETERMINATION    OF    VOLTAGE    CURVE 
THE    COMMUTATOR. 


ROUND 


Observer Date 

Dynamo  No Type 

Normal  output amps. volts.,  at revs,  per  minute. 

Terminal  voltage  during  experiment 

Speed ^ 

Armature  current 


Volts. 

Voltmeter  No. 

No.  of  Segment  from brush. 

Constant. 

Reading. 

True  Value. 

A  method  by  which  this  source  of  error  is  avoided  is 
to  use  a  potentiometer  for  determining  the  voltage 
instead  of  a  voltmeter.  When  the  drop  in  the  potentio- 
meter wire  is  balanced  against  the  voltage  to  be  measured, 
and  the  reading  is  being  taken,  no  current  is  taken  from 
the  contact  brush,  and  consequently  variations  of  contact 
resistance  do  not  affect  the  reading. 

Variations  of  this  device  may  be  employed,  such  as 
connecting  the  brushes  to  a  uniform  stretched  wire,  and 
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determining  the  length  of  this  wire,  which  will  balance  a 
cell  of  known  voltage,  and  so  produce  no  deflection  on  a 
galvanometer  joined  in  series  with  the  cell  and  a  portion  of 
the  wire.  This  method  does  not,  however,  avoid  errors 
due  to  contact  resistance. 

Plotting  RcsuIts.^The  readings  obtamed  in  the  pre- 
ceding experiment  should  be  shown  graphically  on  a  curve. 
This  may  be  done  in  either  of  two  ways.  Fig.  86  shows 
the  results  of  a  test  plotted  according  to  the  method 
which   it   is    preferable    to    adopt,    the     readings    being 
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Fig.  86.— Curve  of  Voltage  ISound  commutator. 

taken  by  the  apparatus  shown  in  Fig.  84,  but  with  a  hot- 
wire voltmeter  specially  calibrated  for  the  purpose, 
instead  of  an  electrostatic  voltmeter.  In  this  case  the 
potential  of  the  negative  brush  is  taken  as  the  starting 
point,  and  the  voltages  between  the  negative  brush  and 
successive  segments  of  the  commutator  are  measured 
vertically  at  equal  intervals  along  the  horizontal  scale. 

The  dynamo  was  a  2-pole  experimental  machine  by 
Schuckert,  and  was  giving  no  load.  The  brushes  were 
without  lead,  and  the  curve  is  consequently  nearly  sym- 
metrical. It  shows,  in^fact,  the  distribution  of  voltage 
in  thenar  mature  when  not  disturbed  by  armature  reactions. 
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Figs.  87  and  88  show  two  other  ways  of  plotting  the 
results  of  the  same  experiment. 

In  Fig.  87  a  circle  of  any  convenient  size  is  drawn  to 
represent  the  commutator.  The  position  of  the  negative 
brushes  is  again  taken  as  the  starting  point,  and  the 
measm-ed  voltages  are  set  off  radially  from  the  circum- 
ference of  the  circle  at  the  angles  at  which  they  were 
actually  measured. 

Fig.  88  shows  the  same  results  plotted  so  as  to  give  the 
difference  of  potential  between  successive  pairs  of  seg- 
ments, instead  of  the  potential  between  the  segments  and 
the  negative  brush.  When  plotting  results  in  this  way 
the  position  of  the  poles  of  the  dynamo  should  always 
be  indicated,  as  well  as  the  position  of  the  brushes. 


Fig.  8".— Curve  of  Potential  Rodnd  the  Commutator. 
(Note. — This  diagram  is  not  reproduced  exactly  to  the  same  scale  as  Fig.  86.) 

In  order  to  explain  the  significance  of  curves  such  as 
that  showTi  in  Fig.  88,  it  will  be  useful  to  refer  to  a  series 
of  curves  obtained  theoretically  by  Mr.  C.  P.  Steinmetz.* 

The  distribution  of  magnetic  flux  at  the  surface  of  the 
armature  core  can  be  calculated  approximately  by  assum- 
ing that  the  density  at  any  point  of  the  surface  is  propor- 


*  "  Theoretical   Elements   of   Electrical   Engineering." 
World  and  Engineer. 


New   York  :    Electrical 
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tional  to  the  acting  magneto-motive  force,  and  inversely 
proportional  to  the  distance  from  the  nearest  magnet 
pole.  Thus,  if  N  C  =  ampere-turns  producing  the  flux 
between  armature  and  pole  face,  a  =  length  of  air  gap  from 
iron  of  the  pole  face  to  iron  of  the  armature  core,  then  the 
magnetic  density  under  the  magnet  pole,  that  is,  between 
B  and  C  (Fig.  89),  is 


H 


4.- NO 
10  a 


lines  per  square  centimetre.     (See  page  41.) 


At  a  point  on  the  armature  surface  at  a  distance  x 
from  the  end  of  the  pole,  the  distance  from  the  pole 
tip  is  d  =  ^d-  -f-  x^.  The  magnetic  density  at  this  point 
is  consequently 


H  = 


4:7rNC 


10^a'-\-x' 


The  magneto-motive  force  is  constant  only  under  each 
field 'pole,  but  decreases  between  the  poles  from  C  to  E 
in  Fig.  89  from  the  full  value  at  C  to  the  full  opposite 
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Fig.  88.— Corve  of  Voltage  Round  Commutator. 

value  at  E.  The  point  D  midway  between  C  and  E  at 
which  the  magneto-motive  force  of  the  field  is  zero  is  the 
neutral  point. 
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The  distribution  of  magneto-motive  force  is  given  by 
the  hne  marked  M.M!F.  The  electro-motive  force  induced 
in  the  conductors  is  proportional  at  each  point  of  the 
revolution  to  the  magnetic. flux.  Thus  the  curve  marked 
"  flux  "  in  the  Figs.  89  to  93  may  be  taken  to  represent 
also  the  variation  of  electromotive  force  round  the 
commutator. 

The  curve  given  in  Fig.  89  marked  "  flux  "  was  cal- 
culated and  plotted  according  to  the  above  assmnptions. 
The  values  assumed  were  : — 

a  =  l;   H  =  8,000  ;   N  G  =  6,400. 

The  line  of  flux  passes  through  a  zero  point  midway 
between  the  poles. 

This  distribution  of  magnetic  flux  apphes  only  when 
the^armature  carries  no  current,  and  corresponds  to  the 
experimentally-determined  curve  in  Fig.  88.  With  a  load 
current  the  magneto-motive  force  of  the  armature  affects 
the  magneto-motive  force  due  to  the  main  field  windings. 

First,  suppose  the  brushes  set  at  D  and  G  (Fig.  90) 
midway  between  the  pole  tips.     The  maximum  magneto- 


FiG.  89. —Potential  Round  the  Commutator.    No  Armature  Currbnt. 
Brushes  without  Lead. 

motive  force  due  to  the  armature  ciu'rent  wiU  be  ex- 
perienced along  the  axis  joining  the  conductors  con- 
nected to  the  brushes.  The  field  due  to  armature 
reaction  will  therefore,  be  greatest  at  D  and  G,  acting  in 
opposite  directions  at  these  points,  and  decreasing 
gradually  between  them.  In  Fig.  90  the  hne  marked 
M.M.F.  represents  the  variation  of  the  magneto-motive 
force  due  to  the  main  field,  as  before,  while  the  line  m.m.f. 
shows  that  due  to  the  armatm-e  current. 

The  flux  due  to  the  algebraic  sum  of  the    magneto- 
motive forces  is  shown  by  the  hne  "  flux." 
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The  effect  of  the  armature  reaction  is  to  strengthen 
the  field  under  the  right-hand,  or  "  leading  "  pole  tip,  and 
to  weaken  it  under  the  left-hand  or  "  trailing  "  tip.  If 
the  brushes  are  situated  midway  between  the  poles,  the 
strengthening  and  weakening  effects  will  be  equal,  and 
consequently  the  total  flux  (neglecting  the  effect  of 
saturation  to  be  presently  considered)  remains  unaltered. 
The  voltage  of  the  dynamo  should  therefore  be  unaffected 
by  the  load,  except  for  the  volts  "  lost "  in  the  resistance  of 
the  armature  conductors.  Armature  reaction  with  the 
brushes  midway  between  the  poles  distorts  the  field,  but 
neither  tends  to  magnetise  or  demagnetise  the  poles  when 
they  are  below  the  point  of  saturation. 

The  distortion  of  the  main  field  is  due  to  the  current 
flowing    in    the    conductors    situated  on   the  armature 


M.M.F 


Pig.  90.— Potential  Round  Commctator,  with  Current  in  Armature. 
Brushes  -rithout  Lead.    Saturation  op  Poles  Neglected. 

immediately  under  the  poles,  i.e.,  between  B  and  C  in 
Fig.  90. 

Thus,  "^if  V  =  polar  arc,  or  the  angle  covered  by  the 
pole  face  (two  poles  and  the  arc  between  them  or  one 
complete   cycle   being    denoted   by   360°),    the   ampere- 

turns  producing  distortion  will  be    '    ' -',  where  n  repre- 

sents  the  number  of  conductors  on  the  armature  per  pole 

and  c  is  the  armature  current. 

X     -n-      r^r.  ^^         ^'  main  field  ampere-turns 

In  Fig.  90  the  ratio r t- — 1 

®  armature  reactive  ampere-tums 

4 
is  assumed  to  be  -^  and  the  resultant  strength  of  field  (and 

consequently  the  voltage  induced  in  conductors  at  those 
points)  at  the  opposite  pole  tips  is  in  the  proportion  of 
1  to  3. 
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As  may  be  seen,  the  mean  electro-motive  force  in- 
duced is  not  changed  by  the  armature  reaction.  At  D  the 
coils  passing  under  the  brush  will  be  still  active,  and 
will  produce  sparking,  as  they  are  short-circuited  by  the 
contact  of  the  brush  with  two  adjacent  segments  of  the 
commutator.  Hence,  under  load  the  brushes  must  be 
shifted  forward.  On  account  of  the  self-induction  in  the 
coils  when  carrying  current,  the  brushes  must  be  moved 
forward  beyond  the  point  corresponding  to  no  induction, 
so  far  that  the  field  due  to  the  next  pole  provides  sufficient 
comiter  electro-motive  force  to  counteract  the  electro- 
motive force  of  self-induction  due  to  the  current  in  the 
coils,  which  are  short-circuited. 

In  Fig.  91  the  brushes  are  shown  moved  forward 
imtil  they  are  under  the  tip  of  the  next  pole.  The  line 
showing  the  magneto-motive  force  due  to  the  armature 
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Pig.  91.— Potential  Round  Commutator.    Current  in  Armature.    Brushes 
WITH  Lead.    Saturation  of  Poles  Neglected. 


current  is  moved  forward  by  the  same  amount,  and  the 
flux  represented  by  it  weakens  the  mam  field  more  than 
it  strengthens  it.  The  total  flux  through  the  armature  is 
therefore  decreased.  That  is,  with  brushes  having  lead 
the  armature  reaction  demagnetises  the  field. 

If  h  is  the  angular  lead  given  to  the  brushes  =  G  B 
in  Fig.   91,   then  the  demagnetising  component  of  the 

and  the   component  which 


armature  reaction  is 


2  h  nc 


180 


V  n  c 


as  before. 


produces  distortion  only  is- 

Thus,  with  shifted  brushes,  the  fuU  excitation  must  be 
increased  under  load  in  order  to  maintain  the  original 
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voltage.     Accordingly^Fig.  91  is   drawn   with   the    full 

excitation  increased  by  the  fraction —^^^    (  =— ^  for  this 

particular  case),  compared  with  the  value  taken  in  the 
previous  figures,  so  that  the  mean  voltage  may  be  the 
same  in  each  case. 

In  the  Figs.  89  to  91  the  effect  of  magnetic  saturation 
has  been  neglected.  It  was  assumed  that  the  magnetic 
density  in  the  iron  near  the  air  gap  increased  or^decreased 
in  the  same  proportion  as  the  magnetising  force. 

The  distribution  of  the  magnetising  force  is  unaffected 
by  saturation,  but  the  distribution  of  magnetic  flux  is 
materially  altered. 

To  illustrate  the  effect  of  saturation,  Figs.  92  and  93 
have  been  drawn  with  an  air  gap  of  one-half  its  value  in 
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Fig.  92.— Potential  Round  Commutator.     Current  in  Aejiaxure. 
Brushes  with  Lead.     Effect  of  Saturation  Shown. 

Figs.  89^to  91.  The  air'gap  thus  absorbs  only  one-half 
the  number  of  ampere-turns  which  it  did  in  the  previous 
case.  The  other  half  of  the  ampere-tums  is  assumed 
to  be  required  in  order  to  send  the  required  magnetic 
flux  through  the  saturated  armature  t^eth. 

In  Figs.  92  and  93,  which  correspond  in  other  respects 
with  Figs.  90  and  91,  the  effect  of  saturation  is  seen. 
The  magnetic  induction  is  spread  further  at  the  pole 
comers,  the  general  effect  being  to  make  the  curve  of 
voltage  more  uniform. 

The  demagnetising  effect  of  the  load  due  to  the  lead  of 
the  brushes  is  hardly  changed.  The  distorting  effect 
of  armature  reaction  is  greatly  decreased,  being  only  a 
small  percentage  of  its  previous  value,  and  the  magnetic 
field  under  the  pole  is  made  nearly  uniform  at  any  load. 
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The  reason  is  that  even  a  large  increase  or  decrease 
of  magnetising  force  does  not  materially  alter  the  total 
flux,  the  added  or  subtracted  ampere-turns  producing 
but  little  effect  on  the  saturated  iron. 

Thus,  while  in  Fig.  91  the  densities  are  8,000  at  the 
centre  and  12,000  and  4,000  at  the  tips  of  the  poles,  with 
the  saturated  core  in  Fig.  93  the  densities  are  8,000, 
9,040.  and  6.550  respectively. 

Thus  the  saturation  of  the  armature  teeth  or  of  the 
pole   face  (in   particular  the   tips)   affords   a  means   of 
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Fig.  93.— Potential  Round   Commutator.     Current  in  Armature. 
bru.shes  with  lead.    effect  of  saturation  shown. 

reducing  the  distortion  of  the  magnetic  field,  and  the 
variation  of  the  field  under  the  pole  tips.  It  is  conse- 
quently advantageous  for  machuies  which  have  to  operate 
with  widely-varying  loads,  and  with  brushes  in  a  fixed 
position. 

In  the  case  of  a  motor,  the  current  in  the  armature 
flows  m  the  opposite  direction  to  that  in  a  djTiamo  with 
the  same  field.  The^direction  of  the  armature  reactive 
field  will  therefore  be  in  the  opposite  direction.  Con- 
sequently, in  order  to  obtain  sparkless  rmuiing,  the 
brushes  should  be  given  a  backward  lead,  so  as  to  bring 
the  conductors  which  are  short-circuited  by  the  brushes 
under  the  influence  of  the  opposite  pole.  Consequently,  it 
is  the  field  of  the  trailing  pole  tips  which  is  strengthened 
by  the  armature  currents  in  the  case  of  a  motor.  The 
curve  of  electro-motive  force  drawn  in  the  manner  just 
discussed  wall  consequently  slope  in  opposite  directions 
for  a  generator  and  a  motor. 

To  illustrate  this,  the  curves  shown  in  Figs.  94  and 
95  (both  taken  from  the  same  machine)  have  been  drawTi. 
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Fig.  94  is  the  curve  obtained  when  the  machine  was 
supplying  current.  Fig.  95  shows  a  curve  obtained  from 
the  same  machine  when  supplied  with  current  from  an 
external  source  and  acting  as  a  motor. 

Such  curves  as  those  given  above  are  very  valuable  as  a 
means  of  testing  the  effect  of  different  shapes  of  pole 
tips  and  pole   faces.        They   form   the   most   complete 


Fig.  94. —Curve  of  Potential  Round  the  Commutator.    Machine  Working  as 
Generator. 

method  of  investigating  the  field  ^distribution — one  of  the 
most  important  'factors  ia  djmamo  design  for  producing 
sparkless  running. 

Regulation  by  Shifting  Brushes. — In  some  cases  it  is 
necessary  to  provide  for  very  great  movement  of  the 
brushes.  Thus  for^^some  special  purposes  the  speed  of  a 
motor  is  regulatedj^by  moving  the  brush  rocker  round. 
Motors  specially  designed  for  this  can  be  regulated,  and 
even  stopped  and  reversed,  by  the  movement  of  the 
brash  rocker  alone. 

Boosters,  which  are  required  to  supply  a  variable 
voltage,  are  also  sometimes  regulated  in  this  way  in  cases 


Fig.  95.— curve  of  Potential  Round  the  Commutator,    machine  Working  as 

Motor. 

where  the  added  voltage  is  very  low.  For  regulating  the 
voltage  of  the  machine  by  means  of  a  resistance  in  series 
with  the  field  winding    in  the  usual  way  a  very  large 
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and  expensive  resistance  would  be  required  in  order  to 
bring  the  voltage  sufficiently  low.  Also  at  low  voltages 
the  field  would  be  so  weak  as  to  be  very  unstable,  and 
sparkless  commutation  would  probably  become  im- 
possible. 

The  best  solution,  both  from  the  point  of  view  of  cost 
and  satisfactory  working,  is  therefore  found  in  many  cases 
to  be  a  variable  position  of  the  brushes.  The  field  is 
consequently  maintained  at  a  constant  strength,  and  the 
voltage  between  the  brushes  is  varied  by  varying  the 
point  on  the  armature  at  which  they  make  contact. 

In  the  case  of  machines  to  be  employed  m  this  way  it  is 
consequently  sometimes .!  necessary  to  determine  the 
variation  of  voltage  round  the  commutator  as  measured 
between  the  brushes  when  in  various  positions.  This 
curve  may  in  part  be j  obtained  on  any]machine  without 
excessive  sparking  while  running  on  no  load.  The 
general  character  of  the  curve  so  obtained  would  be  similar 
to  that  shown  on  Fig.  86,  where  a  point  slightly  to  the 
right  of  the  point  where  the  brushes  are  shown  would 
represent  the  normal  position  of  the  brushes. 

Effects  Obtained  by  Shifting  Brushes  Round  the 
Commutator. 

Some  very  interesting  results  may  be  obtained  by 
observing  the  voltage  between  the  brushes  of  a  dynamo 
or  motor  when  moved  gradually  round  the  commutator. 

Such  a  series  of  readings  may  be  made  to  give 
curves  of  induction  round  the  commutator  of  any  machine 
similar  to  those  discussed  above  without  the  employment 
of  any  special  instruments  or  auxiliary  brushes. 

On  account  of  sparking  these  observations  are  more 
easily  carried  out  on  a  motor,  and  a  simple  method  of 
carrying  out  such  a  series  of  readings  is  described  below. 

In  the  experiment  to  be  described  a  resistance  is  put 
in  series  with  the  motor  armature  to  prevent  the  current 
becoming  excessive  when  the  motor  comes  to  rest,  and 
also  to  prevent  the  speed  of  the  machine  increasing  too 
rapidly  as  the  brushes  are  moved  from  their  normal 
position. 
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Experiment  XXV. — Observations  of  the  Effect  of 
Moving  the  Brushes  of  a  Motor  with  Constant 
Excitation.         ! 

Diagram  of  Connections. 


^J\I\J\NV 

Ri 
Fig.  9c. 


Ml  M.,  Supply  mains. 

M  Motor  armature. 

F  Field  windings. 

R,  Constant  resistance  in  armature  circuit. 

Byj  Adjustable  resistance  for  keeping  exciting  cur- 
rent constant. 

Aj  Ammeter  for  measuring  armature  current. 

A2  Ammeter  for  measuring  exciting  current. 

V  Voltmeter  for  measuring  armature  voltage. 

S  S  Starting  switch. 

Connections. — Connect  the  motor  to  the  source  of 
supply  through  a  starting  switch,  putting  a  constant 
resistance*  in  series  with  the  armature.  Since  the  exciting 
current  is  to  be  kept  constant,  insert  in  the  motor  field  a 
variable  resistance  and  ammeter .k  Put  an  ammeter  in  the 
armature  circuit,  and  comiect'a  voltmeter^to  the  armature 
terminals. 

Instructions. — Start  the  motor/  with^  its"brushesjin^the 
normal  running  position,  and  adjust  the  exciting  current  to 
its  normal  value. 

*  The   magnitude   of   this   resistance   must   not   be  less  than   the   number  of 


supply  voltage 


ohms   given  by   the   fraction   maximum   motor   current 
current  of  the  motor  may  not  be  exceeded. 


■in  order  that  the  full-ioad 
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Take  readings  of  the  speed,  armature  current,  and 
armature  voltage. 

Stop  the  motor  and  adjust  the  position  of  the  armature 
until  the  tip  of  the  brushes  coincides  with  the  division 
between  two  commutator  segments.  Then  loosen  the 
brush  rocker  and  move  the  brushes  forward  by  exactly 
the  width  of  one  segment. 

Restart  the  motor,  and  take  readings  as  before. 

Repeat  the  readmgs  for  every  position  of  the  brushes 
between  one  pair  of  poles. 

A  similar  series  of  readings  should  be  taken  with  the 
motor  coupled  to  a  constant  load. 

Readings  should  be  entered  as  follows  : — 

EFFECT   OF  SHIFTING  THE   BKUSHES  OF  A  CONSTANTLY- 
EXCITED    MOTOR. 

Observer Date    

Motor  No Type 

Normal  output. . .  .H.P.,  at volts,  and revs,   per  minute. 

Exciting  current amps. 


No.  of  Segment 

from  Normal 

Position. 


Armature 

Current. 

Amps. 


Armature 

Voltage. 

Volts. 


Speed. 
Revs,  per  Min. 


Curves  should  be  plotted  from  the  results  showing 
(1)  speed,  (2)  armature  voltage,  and  (3)  armature  current 
for  each  position  of  the  brushes.  For  this  purpose  the 
commutator  segments  should  be  marked  off  horizontally, 
the  normal  position  of  the  brushes  being  in  the  centre  of 
the  paper  and  marked  O. 

These  curves  are  shown  in  Fig.  97  as  obtained  in  an 
actual  experiment  on  a  2-pole  Crompton  motor  having  30 
commutator  segments. 
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It  will  be  seen  that  the  speed  curve  is  nearly  horizontal 
m  the  neighbourhood  of  the  normal  brush  position.  This 
is  due  to  the  fact  that  as  the  brushes  are  moved  the 
armature  current  increases,  and  consequently  a  greater 
amomit  of  voltage  is  absorbed  in  the  resistance  Rj,  so 
that  the  armature  voltage  is  lessened  and  the"speed'main- 
tained  nearly  constant. 

In  the  case  of  a  motor  without  extra  resistance  in  the 
armature  circuit  the  speed  increases  rapidly  as  the 
brushes  are  moved  in  either  direction  from  the  normal 
position. 

The  most  important  point  to  be  noticed  in  connection 
with  the  curves  in  Fig.  97  is  that  as  the  brushes  are  moved 
further  from  the  normal  position  the  back  electromotive 
force  of  the  armature  as  measured  betweenthe  brushes 
decreases.  The  back  electromotive  force  of  the  whole 
armature  itself  depends  only  on  the  speed  and'the  field,  as 
explained  (page  123).  As  the  brushes  are  moved  further 
away  from  the  points  of  maximum  electromotive  force 
the  voltage  between  the  brushes  necessarily  diminishes. 
Thus  the  voltage  opposing  the  voltage  of  the^mains 
applied  to  the  motor  terminals  decreases  also,  and  the 
armature  current  increases  on  account  of  the  diminished 
back  electromotive  force. 

The  curve  of  voltage  given  in  Fig.  97  represents  the 
voltage  in  the  armature  opposing  the  applied  voltage  at 
the  motor  terminals,  and  by  a  little  further  calculation  it 
is  possible  to  deduce  from  it  the"  induced  voltage  in 
various  portions  of  the'armature,  and'thus  to  arrive'at  the 
field  distribution  between  the  magnetic~poles. 

On  repeating  the  experiment  with  a  constant  heavy 
load  coupled  to  the  shaft  a  similar  curve  is  obtained,  the 
curve  being, 'however,  displaced  sideways  relatively  to  the 
one  determined  at  no  load.  This  is  owing  to  the  fact  that 
the  increased'armature'currents  will  strengthen  the  main 
field  'when  the~brushes  are  moved  in  one  direction,  but 
will  weaken  it' when  they  aremoved  round  in'the  opposite 
way. 

Determination  of  Field  Distribution. — The  voltage  opposing 
the  armature  current  which  is  here*'recorded  is  made 
up  of  two  parts,  viz.  .   (1)  The  counter  electromotive  force 


MISCELLANEOUS   TESTS, 


281 


I 


lo 


•s^loA 


282  MISCELLANEOUS   TESTS. 

generated  in  the  armature  conductors,  due  to  their  rotation 
in  the  magnetic  field  ;  (2)  the  voltage  absorbed  in  the 
resistance  of  the  conductors,  numerically  equal  to  the 
product  of  current  and  resistance. 

Tlie  curve  in  Fig.  98  is  a  reproduction  of  the  curve 
of  voltage  given  in  Fig.  97,  but  with  the  voltage  lost  in 
the  armature  resistance  subtracted  for  each  value  of  the 
voltage,  thus  leaving  only  the  back  electromotive  force 
generated  in  the  armature. 

The  ordinates  of  the  curve  consequently  represent  the 
electromotive  force  induced  in  that  part  of  the  armature 
which  lies  between  the  conductors  with  which  the  brushes 
make  contact. 

In  moving  the  brushes  the  part  of  the  armature  in 
which  the  voltage  is  measured  is  varied.  \^Tien  the 
brushes  have  been  moved  through  an  angle  equal  to 
one-half  the  pitch  of  the  poles  the  conductors  will  make 
contact  with  conductors  at  equal  potential.  At  any 
intermediate  point  the  voltage  measured  is  virtually 
that  induced  in  some  fraction  of  the  armature. 

Since  the  induced  voltage  is  simply  proportional  to 
the  product  of  the  speed'and  strength  of  field,  we  may 
obtain  a  curve  showingTthe  variation  of  the  field  in 
different  positions  of  the  armature  if  Vv'^e  divide  the  in- 
duced voltage  by  the  speed  in  each  case. 

In  this  way  the  second  curve  in  Fig.  98  has  been 
obtained  from  the  curve  of  induced  voltage.  From  this 
curve  the  field  distribution  between  the  machine  poles 
may  be  estimated. 

The  difference  in  length  of  the  ordinates  of  two  points 
on  the  curve  is  proportional  to  the  difference  in  number 
of  the  lines  cut  by  the  armature  conductors  lying  between 
the  brushes  when  in  the  two  positions.  Thus  by  taking  a 
number  of  points  at  equal  horizontal  distances  apart 
on  the  curve  we  can  obtain  a  series  of  values  propor- 
tional to  the  induction  in  the  corresponding  parts^of  the 
air  gap|  by  measuring}  the  difference  in  height  of  the 
points. 

■  The  steepness  of  the  curve  is  thus  proportional  to  the 
induction,  or  the^^'curve  may  be  described  as  a  curve 
of  variation  of  induction. 
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The  distorting  effects  of  the  armature  current  in  these 
experiments  may  be  kept  small  by  reducing  the  applied 
voltage.  This  can  be  effected  by  increasing  the  resistance 
in  series  with  the  armature. 

In  the  machine  from  which  the  curve  in  Fig.  97  was 
obtained  there  were  15  segments  between  the  position 
of  maximum  and  minimum  voltage.  Consequently  in 
moving  the  brushes  from  segment  to  segment  the  voltage 
recorded  was  increased  or  diminished  by  the  amount  due 
to  the  magnetic  field  of  one-fifteenth  of  the  pole  angle. 
If  the|field  were  uniform  the  increase  of  voltage  would 
be  the^same  in  going  from  each  segment  to  the  next,  and 
the  curve  would  consist  of  straight  lines.  This  is  seen 
not  to  be  the  case  except  near  the  centre  of  the  poles. 

With  a  resistance  in  series  with  the  armature  sufficient 
to  prevent  the  speed  and  current  becoming  excessive  the 
machine  may  be  regulated,  stopped,  and  reversed  by 
moving  the  brush  rocker  round.  The  ease  with  which 
this  is  performed  is  very  striking,  although  the  method 
is  naturally  not  an  efficient  one. 


CHAPTER  XIII. 

Motor  Generators  and  Boosters. 

The  foUowing  experiments  are  inserted  with  the 
object  of  enabling  the  student  to  make  himself  familiar 
with  one  or  two  of  the  most  important  special  uses  to 
which  dynamos  are  put,  and  which  it  is  difficult  for  him 
to  gain  experience  in  by  any  other  means  than  such  experi- 
ments as  those  suggested. 

Balancing  Machines  for  3-Wire  System. 

Principle  of  the  3-wirc  System. — The  3-wire  system  of 
distribution  is  adopted  for  the  sake  of  economy  in  the 
conductors.  The  three  wires  composing  it  are^  the 
equivalent  of  two  circuits  side  by  side,  in  which"  the 
outgoing  wire  of  one  circuit  and  the  return  wire  of^the 
other  are  replaced  by  a  single  wire.  The  current  in  this 
"middle"  or  "neutral"  wire  is  the" difference  between 
the  currents  which  would  have  been  flowing  in  opposite 
directions  in  the  two  wires  which  it  replaces.^  Since  it 
can  usually  be  arranged  that  the  currents  in  the  two 
circuits  are  nearly  equal,  the  middle  wire  carries  only  a 
comparatively  small  current,  and  can  be  made  of  smaller 
section  than  the  main  conductors  or  "  outer  "  wires. 

Fig.  99  is  a  diagram  illustrating  the  principle  of  the 
system.  A  B,  C  D  are  the  main  or  "  outer  "  conductors. 
E  r  is  the  "  neutral  "wire.  L,  L,  L  represent  lamps  or 
other  apparatus  supplied  with  current  from  the  system. 

The  voltage  between  the  outer  wires  is  twice  the  voltage 
at  which  current  is  supplied  to  the  consumers.  Each 
consumer's  circuit  is  connected  to  one  of  the  outer  wires, 
and  to  the  neutral  wire. 

The  machines  supplying  the  system  are  usually 
designed  to  give  the  voltage  required  between  the  outer 
conductors,  and  some  means  has  therefore  to  be  provided 
for  dealiiig  with  the  "  out-of-balance  current  "  in  the 
neutral  wire  when  the  current  taken  from  one  of  the 
main  conductors  exceeds  the  current  taken  from  the 
other.     This    is    usually    accomplished    by   inserting   at 
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suitable  points  in  the  system^either  a  pair  of  batteries  or  a 
pair  of  machines  coupled  together  mechanically. 

Where  two  machines  are  used,  as  indicated  in  the 
diagram,  they  are  called  balmcers,  since  their  function  is  to 
equalise  or  balance  the  load  on  the  two  main  conductors. 

When  the  currents  taken  from  both  outer  wires  are 
equal,  there  will  be  no  return  current  in  the  middle  wire. 
The  balancing  machines  will  then  both  run  as  motors 
taking  ciu'rent  in  series  from  the  mains.  As  they  run 
without  load,  they  will  run  at  a  sufficiently  liigh  speed  to 
make  the  current  flowing  through  their  armatures  very 
small.  They  will  only  absorb  the  amount  of  power 
necessary  to  overcome  the  frictional  and  other  losses  in 
them. 
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Fig.  99.— Three-wire  System. 


To  make  the  balancing  action  clear,  it  is  assumed  that 
each  branch  circuit  marked  L  in  the  diagram  carries  a 
current  of  five  amperes.  Since  there  are  four  such 
circuits  ^connected  to  the  -(  main,  and  only  three  circuits 
taking  current  from  the  —  main,  there  is  an  out-of-balance 
current  of  five  amperes  flowing  in  the  middle  wire  at  the 
end  nearest  to  the  generator. 

If  this  return  current  were  not  allowed  to  flow  along 
the  neutral  wire,  there  would  necessarily  be  the  same 
current  flowing  from  the  neutral  to  the  negative  wire  as 
flowed  from  the  positive  wire  to  the  neutral  wire.  Since 
there  are  four  parallel  equal  resistances  connecting  the  -f- 
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and  neutral  wires,  and  only  three  such  resistances 
connecting  the  —  and  neutral  ^vires,  the  total  resistance 
on  the  positive  side  of  the  neutral  wire  is  tliree-quarters 
of  the  resistance  on  the  negative  side.  Hence  the 
voltage  between  the  —  and  neutral  wires  would  be  higher 
by  one-third  than  the  voltage  between  -f  and  neutral. 
In  general  the  difference  in  pressure  between  the  more 
heavily  loaded  outer  wire  and  the  neutral  wire  tends  to  be 
less  than  one-half  the  voltage  between  the  outers.  The 
voltage  between  the  middle  wire  and  more  lightly  loaded 
outer  tends  to  rise  by  the  same  amomit.  It  is  tliis 
difference  of  pressm^es  which  enables  the  balancing 
machines  to  operate,  and  it  is  this  variation  which  they  are 
intended  to  minimise.  Referring  to  Fig.  99,  where  the 
return  current  is  indicated  as  flowing  through  the 
balancing  machines,  the  distribution  of  current  is  as 
follows  if  losses  in  the  machines  are  neglected  for  the 
present  : — 

One-half  of  the  return  current  wiU  flow  through  the 
armature  of  the  macliine  connected  to  the  lightty-loaded 
wire,  and  m  doing  so  wiU  drive  the  machine  as  a  motor. 
This  machine  will  drive  the  other  machine  which  is 
coupled  to  it,  and  cause  this  machine  to  act  as  a  generator, 
and  to  supply  an  equal  amount  of  current  to  the  more 
heavily-loaded  wire  to  which  it  is  connected. 

The  amoimt  and  direction  of  the  current  in  various 
portions  of  the  circuit  are  indicated  in  Fig.  99  by  flgures 
and  arrows,  for  the  ideal  case  in  which  no  losses  occur  in 
the  machines. 

Efficiency  of  Balancing  Machines. — The  purpose  of  the 
experiment  next  to  be  described  is  to  find  to  what  extent 
the  losses  in  the  balancing  machines  prevent  the  ideal 
condition  represented  in  the  diagram  from  being  attained. 

In  the  ideal  condition,  the  difference  of  potential 
between  each  outer  \\dre  and  the  neutral  wire  is  exactly 
half  the  difference  of  potential  between  the  outer  wires. 
As  already  explained,  the  machines  will  only  act  as 
balancers  {i.e.,  one  taking  current  and  acting  as  a  motor  to 
drive  the  other  as  a  generator)  when  the  voltage  between 
one  pair  of  wires  is  above  the  voltage  between  the  other 
pair.  For  if  the  two  voltages  were  equal,  there  would  be 
nothing  to  make  either  machine  act  as  a  generator  rather 
than  the  other. 
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An  example  will  make  clear  what  difference  may  be 
expected  between  the  voltages  of  the  two  sides. 

Suppose  that  with  no  current  in  the  middle  wire  and 
equal  voltages  of  100  volts  between  the  outers  and  the 
middle  wire  it  is  found  that  the  current  taken  by  the 
balancing  machines  is  1  ampere.  Then  the  power  taken 
by  both  of  the  machines  in  order  to  overcome  the  losses  in 
them  when  running  light  is 

2x1  amp.  X  100  volts  =  200  watts. 

If  now  the  loading  in  the  system  be  altered  so  that 
the  positive  main  is  more  heavily  loaded,  and  an  out-of- 
balance  current  of  2  amperes  flows  in  the  neutral  wire,  the 
current  will  divide  at  the  balancers,  and  one  ampere  flow 
towards  the  positive  main  through  one  machine  and  the 
other  towards  the  negative  main  through  the  other 
machine.  There  will  thus  be  two  equal  and  opposite 
currents  in  the  machine  connected  to  the  positive  wire, 
which  will  neutralise  each  other.  This  machine  will 
therefore  rim  without  giving  or  receiving  current.  There 
will  at  the  same  time  be  two  amperes  flowing  through  the 
armature  of  the  machine  on  the  negative  side  in  a  direction 
such  as  to  drive  it  as  a  motor. 

The  power  expended  in  driving  the  two  machines 
remains  the  same  as  before,  but  is  all  exerted  in  the 
armature  of  one  machine.  There  will  be  a  loss  of  voltage 
in  the  armature  of  the  motor  equal  to  the  product  of 
the  current  and  the  armature  resistance.  There  must 
therefore  be  this  amount  of  voltage  at  the  motor 
terminals  in  excess  of  the  pressure  at  the  terminals  of 
the  other  machine.  This  will  be  the  least  difference  in 
pressure  between  the  two  sides  of  the  system,  which 
will  enable  the  balancers  to  operate. 

As  the  out-of-balance  current  increases,  an  increased 
current  will  flow  through  the  armature  of  both  machines, 
and  the  losses  in  each  will  increase.  This  will  require  a 
larger  current  in  the  motor  machine  to  enable  it  to  drive 
them.  This,  in  turn,  involves  greater  loss  of  voltage  in 
the  armature  and  greater  difference  in  voltage  of  the  sides 
of  the  3 -wire  system. 

The  losses  in  the  balancing  machines  will  be  made  up 
of  (a)  the  power  supplied  to  the  machine  acting  as  motor  in 
order  to  enable  it  to  drive  both  machines,  overcoming 
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friction^and  internal'losses,  &c.  (6)  the  loss  of  pressure  in 
the  armatures'of  both  imachines  caused  by  the  balancing 
current  flowing  through  the  armature  resistance,  a 
slightly  "^greater  drop^always  occuiTing  in  the  motor  arma- 
ture, and  (c)  the  current  required  for  the  excitation  of 
both  machines. 

The  following  experiment  is  designed  to  illustrate  the 
mode  of  action  of  a  'pair  of  balancers  and  to  determine 
the  variations  in  the  voltage  on  each  side-  of  the  neutral 
wire  due  to  uneven  loading. 

Experiment  XXVI. — Determination  of  the  Regula- 
tion OF  A  Pair  of  Balancers  for  a  3 -wire  System. 

Diagram  of  Connections. 


Fig.  100.— Test  of  3-wire  Balancers. 

Mj  M.,  Supply  mains. 

Dj  D.,  Balancer  armatures. 

Fi  F.,    Balancer  field  windings. 

Ri  R.,    Resistances  for  varying  load  on  the  two  main 

conductors.* 
Vi  V.  Voltmeters  for  measuring  voltage   on  each  side 
of  neutral  wire. 
Ai  Ammeter  for  reading  supply  current. 
A.,   Ammeter  for  reading  out-of -balance  current. 
S  S  Starting  switch. 

*  Frequently,  instead  of  the  two  resistances,  use  is  made  of  a  single  variable 
resistance  having  a  movable  contact.  The  contact  divides  the  resistance  into 
two  parts,  the  middle  wire  is  connected  to  the  contact  piece  of  the  resistance, 
and  the  outer  wires  to  the  resistance  terminals,  thus  making  tlie  two  portions 
of  the  same  resistance  play  tlie  part  of  R^  and  R2  in  the  diagram.  By  merely 
moving  the  handle  of  the  resistance,  the  out-of-balance  current  is  altered. 
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Connections. — The  machines  which  are  to  act  as  balancers 
being  coupled  mechanically  together,  connect  the  arma- 
tures of  the  balancers  in  series,  and  also  their  field  windings. 
Connect  the  armature  and  exciting  circuits  to  the  mains 
through  a  starting  switch.  Insert  in  the  main  circuit  an 
ammeter.  Connect  two  resistances  for  varying  the  load 
in  series  to  the  terminals  of  the  two  machines,  connecting 
the  common  terminal  of  the  resistances  to  the  point 
joining  the  armatures.  Insert  an  ammeter  in  this  con- 
nection. Connect  a  voltmeter  to  the  terminals  of  each 
machine,  t 

Instructions. — Keeping  the  current  supplied  to  the 
system,  as  read  on  ammeter  Ap  approximately  constant, 
vary  the  relative  magnitude  of  the  load  resistances  R, 
and  R.,  so  as  to  gradually  increase  the  current  in  the 
neutral  wire. 

Take  readings  of  the  speed,  current  supplied,  current 
in  the  neutral  wire,  and  voltage  at  the  terminals  of  each 
machine. 

Enter  results  as  follows  : — 

REGULATION   OF   BALANCERS  FOR   3-WIRE   SYSTEM. 

Observer Date  

Balancers  No Type 

Capacity Amps.,  at volts,  and revs,  per  min. 


Revolutions 

per 

Minute. 

Current 
Supplied. 

Out- of - 
Balance 
Current. 

Voltage 
+  Side. 

Voltage 
-  Side. 

Out-of- 
Balance 
Voltage. 

Plot  a  curve  showing  dependence  of  out-of-balance 
voltage  upon  out-of-balance  current. 

Fig.  101  is  a  curve  obtained  in  this  way.  The  experi- 
ment was  made  with  a  pair  of  small  machines  having  a 
high  armature  resistance  of  about  -35  ohms,  the  effect  of 
which  is  clearly  seen  in  the  curve.     The  difference  in 

t  In  this  case,  as  in  one  or  two  other  experiments,  a  single  voltmeter,  with 
a  suitable  2-way  switch  for  changing  over  its  connections,  may  be  used  instead 
of  the  two  voltmeters  shown  in  the  diagram  of  connections. 

Since  the  voltmeter  current  is  so  small  as  to  be  inappreciable,  nothing  is 
disturbed  by  such  a  change  of  connections. 

O 
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voltage  between  the  two  sides  of  the  system  increases  in 
direct  proportion  to  the  current  flowing  through  the 
armatures  of  the  two  machines,  as  shoA\ai  by  the  straight 
portion  of  the  curve.  The  difference  in  voltage  between 
the  sides  was  -12  volts  when  no  current  was  returned  to 
the  machines  by  the  middle  wire. 

The  current  taken  by  the  machines  from  the  mains 
when  running  without  current  in  the  neutral  ware  was 
2  amperes.  Hence  the  armature  drop  (which  in  a 
machine  having  such  a  high  armature  resistance  is 
chiefly  due  to  the  resistance  of  the  conductors)  mil  be 
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Amperes  out-of-balance  current. 
Fig.  101.  -Regulation  of  3-wiri  Balancers. 
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sUghtly  more  than  2x-35  =  -7  volts.  Producing  the 
straight  portion  of  the  curve  back  to  cut  the  vertical 
^xis,  it  will  be  found  to  cut  it  at  about  •  9  volts,  which  is 
nearly  equal  to  the  armature  drop  due  to  2  amperes  added 
to  -12  volts,  the  height  of  the  first  observation  at  no 
loai.  I 

With  4  amperes  out-of-balance  current  there  wiU  be 
approximately  4  amperes  in  the  armature  of  the  machine 
connected  to  the  lightly-loaded  side,  and  acting  as  a  motor. 
No  current  will  then  flow  in  the  armature  of  the  other 
machine.  Tlie  armature  drop  in  one  machine  is  therefore 
•35x4,  and  in  the  other  nil.  The  armature  drop  has  con- 
sequently increased  on  one  side  by  2  x  -35  =  -7  volts,  and 
decreased  on  the  other  side  by  a  similar  amount. 
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Hence  the  difference  in  voltage  between  the  two  sides 
of  the  system  must  be  approximately  •35x44--9=2-3. 
This  is  seen  to  be  true  on  the  curve. 

Similar  reasoning  may  be  applied  to  any  other  point  on 
the  curve.  ^^|    [•'  ■'     , ' 

Efficiency  of  Balancers. — By  inserting  an  ammeter  in 
one  of  the  outer  conductors,  the  efficiency  of  the  balanced 
system  at  all^oads^can  be  measured. 

The  input  is  the  product^of  the'current^and  voltage  of 
the  supply.  The  output  of  the  system  will  be  the  sum  of 
the  power  usefully  spent  in  the  resistances  connected  to 
the  outer  wires — i.e.,  the  sum  of  the  products  of  current 
and  voltage  taken  separately  for  each  side  of  the  system. 

Efficiency  =  -; — ^-r . 
•^        mput 

The  efficiency  of  the  balancers  depends  only  on  the 
out-of-balance  current  with  which  they  have  to  deal,  and 
not  on  the  current  in  the  outer  wires.  The  power  lost  in 
their  armatures  is  equal  to  the  difference  between  the 
currents  flowing  in  the  two  armatiires  multiphed  by  the 
voltage  at  the  terminals  of  the  machine  which  is  acting 
for  the  time  as  a  motor.  If  both  machines  are  acting  as 
motors,  the  sum  of  the  products  of  current  and  voltage 
taken  for  each  armature  gives  the  lost  watts. 

The  efficiency  of  the  combination 

total  power  supplied  to  both  armatures  —  watts  lost, 
total  power  in  both  armatures. 

Alternative  Connections  of  Field  Windings. — In  Fig.  100  both 
field  windings  are  shown  as  supplied  with  the  same  current 
in  series. 

In  actual  working  the  fields  are  very  seldom  con- 
nected in  this  way.  The  field  windings  are  almost  always 
connected  separately  to  the  supply,  so  that  they  can  be 
regulated  independently  of  one  another.  They  may  be 
either  connected  in  parallel  across  the  outer  wires,  or 
simply  to  the  same  conductors  as  the  armatures.  In 
either  case  a  regulating  resistance  is  put  in  each  field 
circuit. 

Frequently  the  windings  are  not  connected  in  this 
way,  but  are  separately  connected  to  the  opposite  sides 
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of  the  system.  Thus  the  field  windings  of  machine  D2 
would  be  connected  to  the  armature  terminals  of  Dj, 
and  the  field  windings  of  D;  would  be  connected  to  the 
terminals  of  D...  The  purpose  of  this  cross-comiection  is 
to  ensure  a  more  accurate  regulation  of  voltage  by  the 
variation  in  the  speed  of  the  macliines  which  it  produces. 

For  example,  if  D.,  is  acting  as  motor,  its  field-windings 
will  be  connected  to  a  lower  voltage  than  the  windings  of 
D,,  since  they  are  connected  to  the  more  heavily  loaded 
side  of  the  system.  The  field  of  D.^  is  therefore  weakened 
slightly,  and  the  machine  will  endeavour  to  rotate  faster, 
driving  the  generator  Dj  with  it  and  causing  it  to  raise  the 
voltage  across  Rj  on  account  of  the  increased  speed,  and 
also  because  the  generating  machine  will  have  a  more 
highly  excited  field. 

In  order  to  illustrate  the  difference  in  regulation  of 
the  two  ways  of  comiecting  the  fields.  Experiment  XXVI . 
should  be  carried  out  with  the  fields  connected  first  as 
shown   in    Fig.   100    and    then    cross-connected   as    just 

described. 

« 

In  many  cases  occurring  in  recent  practice,  compound- 
wound  balancers  are  employed.  In  this  case  the  machines 
have  a  shunt  winding  connected  as  shown  in  Fig.  100,  and 
in  addition  have  a  series  winding  through  which  the 
armature  current  of  each  machine  flows.  The  action  of 
the  out-of -balance  current  is  then  as  foUows  :  The  current 
flowing  through  the  machine  acting  as  a  motor  has  its 
field  weakened,  owing  to  the  direction  of  the  current 
flowing  through  it.  The  generating  machine  has  its  field 
strengthened.  Thus  the  motor  tends  to  rotate  more 
rapidly  owing  to  the  action  of  the  series  winding,  while 
the  generator  voltage  rises  from  the  same  cause.  The 
number  of  series  windings  is  determined  by  experiment 
as  already  described  under  "  Compound  Motors." 

Frequently  in  large  stations  the  excitation  of  the 
balancing  machines  is  regulated  by  hand,  by  means  of  a 
rheostat  in  the  field  circuit. 

Efficierxy  of  a  Motor  Generator.— A  motor  generator,  or 
rotatory  transformer,  is  a  machine,  or  pair  of  machines,  for 
converting  current  at  one  voltage  into  current  given  out  at 
a  different  voltage,  the  two  voltages  being  in  a  fixed  ratio. 
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Motor  generators  may  be  operated  by  continuous  or 
alternating  currents,  and  may  convert  alternating  currents 
into  continuous,  or  vice  versa. 

Here  continuous-current  machines  are  considered. 

The  motor  generator  consists  essentially  of  two  distinct 
armature  windings  wound  either  on  to  the  same  or  separate 
armature  cores.  If  on  the  same  core,  the  two  windings 
rotate  between  the  same  field  magnets.  If  the  arma- 
tures have  separate  cores,  the  apparatus  is  usually  formed 
of  two  separate  machines  coupled  together.  One  arma- 
ture winding  is  supplied  with  current,  and  is  thereby 
driven  as  a  motor.  The  other  winding  has  an  electro- 
motive force  induced  in  it,  and  will  give  current,  acting  as 
a  dynamo.  If  the  two  armatures  rotate  in  the  same 
field,  or  fields  of  equal  strength,  the  voltage  generated 
in  the  armature  of  the  secondary,  or  generator,  winding 
will  bear  the  same  ratio  to  the  back  electromotive  force 
of  the  primary,  or  motor,  armature  as  the  number  of 
secondary  armature  windings  bears  to  the  number  of 
primary  windings. 

The  back  electromotive  force  of  the  motor  armature 
would  be  equal  to  the  electromotive  force  applied  at  the 
motor  terminals,  except  for  the  losses  in  the  armature 
and  the  frictional  resistances,  &c.,  opposing  its  rotation. 

The  ratio  of  the  primary  and  secondary  voltages  is, 
therefore,  approximately  the  ratio  of  the  number  of  arma- 
ture conductors.  This  approximation  becomes  closer 
as  the  losses  in  the  machine  become  less. 

It  is  of  importance  to  determine  the  variation  of  two 
factors  consequent  on  variations  in  the  output  of  a  motor 
generator.  These  are  the  ratio  of  transformation  (i.e., 
the  ratio  between  primary  and  secondary  voltage)  and 
the  efficiency  of  the  apparatus  {i.e.,  the  ratio  of  the  power 
given  out  by  the  secondary  to  the  power  supplied  to  the 
primary). 

Experiment  XXVII. — Test  of  a  CoNTrNUOtrs-cuRRENT 
Motor  Generator. 

Connections. — Connect  the  motor  side  of  the  motor 
generator  to  the  source  of  supply  through  a  starting 
switch. 

Insert  in  the  main  circuit  an  ammeter  for  measuring 
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the  current  supplied.     Connect  a  voltmeter  to  the  motor 
terminals  to  measure  the  supply  voltage. 

Connect  the  generator  terminals  to  a  resistance  for 
regulating  the  load,  including  in  the  circuit  an  ammeter 
and  switch. 

Connect  a  voltmeter  to  the  generator  terminals. 

The  two  field  windings  may  be  connected  to  the 
supply  mains  through  the  starting  switch,  either  in  parallel 
(as  shown  in  the  diagram)  or  in  series. 

The  voltage  for  which  they  are  designed  must  deter- 
mine which  method  is  to  be  adopted. 

Include  in  the  supply  circuit  a  regulating  resistance,  if 
necessary,  for  maintaining  a  constant  voltage  at  the  motor 
terminals.     (This  is  not  shown  in  the  diagram.) 

Diagram  of  Connections. 


Fia.  102.— Test  of  Motor  Genbrator. 

Mj  Mo  Supply  mains. 

M         Motor  armature. 

J)  Generator  armature. 

F,  F,     Field  windings. 

Aj  A,  Ammeters  for  measuring  input  and  output  cur- 
rent. 

Vj  v..  Voltmeters  for  measuring  input  and ,  output 
voltage. 

S  S       Starting  switch  for  motor. 

R  Resistance  for  varying  load  of  generator. 

S  Switch  for  breaking  generator  circuit. 
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Instructions. — While  maintaining  the  supply  voltage 
constant  (as  recorded  on  voltmeter  V,),  measure  the 
current  in  both  primary  and  secondary  circuits  (on 
ammeters  A,  and  A,),  first  with  no  current  in  the 
secondary  circuit  and  then  with  gradually  increased 
currents  up  to  the  full  output  of  the  machine.  For  each 
value  of  the  current  read  also  the  output  voltage  on 
voltmeter  V.,. 

Enter  the  results  as  in  the  following  table  : — 

TEST  OF  A  MOTOR  GENERATOR. 

Observer Date 

Motor  Generator  No Type 

Supply  voltage Output  voltage 

Output  current amps,  at revs,   per  min. 


Input. 

Output. 

Efficiency 
per  cent. 

Katie  of 
Transforma- 
tion. 

Volts. 

Ampferes. 

Watts. 

Volts. 

Ampferes. 

Watts. 

Plot  curves  showing  ( 1 )  The  dependence  of  the  ratio 
of  transformation  on  the  output.  The  ratio  of  trans- 
formation is  the  ratio  of  primary  to  secondary  voltage. 
(2)  The  dependence  of  the  efficiency  on  the  output. 


The  efficiency  per  cent. 


power  given  out 


power  supplied 


X  100. 


In  the  case  of  both  input  and  output  the  power  is 
measured  in  watts,  which  are  obtained  by  multiplying 
the  current  (in  amperes)  by  the  voltage. 

The  curves  given  in  Fig.  103  show  the  results  of  a 
test  carried  out  on  a  6  kw.  motor  generator  vdth  a  ratio 
of  transformation  of  200  to  100. 

The  efficiency  curve  is  of  the  usual  form,  showing  a 
somewhat  low  maximum  efficiency  of  69  per  cent,  at  full 
load.     The  low  efficiency  is  partly  due  to  the  fact  that 
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the  motor  generator  consisted  of  two  separate  machines 
coupled  together,  and  having  four  bearings  and  two 
separate  field  windings. 

The  curve  showing  the  ratio  of  transformation  is 
practically  a  straight  line.  It  is  inclined  to  the  horizontal 
owing  to  the  fact  that  the  loss  of  voltage  in  the  armature 
windings  increases  in  proportion  to  the  load.  The 
secondary  voltage,  consequently,  decreases  in  propor- 
tion to  the  load,  and  the  ratio  — — j-^ rr^ — becomes 

secondary  voltage 

greater. 

The  loss  of  voltage  at  any  load  due  to  armature 
resistance  is 


1,000  2,000  3,000  4,000 

Watts  Output. 
Fig.  10.3.— Test  of  Motor  Generator. 


5,000 


6,000 


C\  -R,  in  the  primary  winding, 
C,  B.,  in  the  secondary  winding, 

Where  C\  =  current  in  primary. 

C.,=         ,,  secondary, 

-ff,  =  resistance  of  primary. 

R,  =  ,,  secondary. 

K  =  ratio  of  transformation. 

C,      K 
(neglecting  the  current  spent  in  field  excitation). 

The  loss  of  voltage  in  the  armature  of  the  primary 
6'.,  R, 


and  since 


IS 
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Thus  the  voltage  produced  in  the  secondary  armature 

,  U^  -  ¥) 

and  the  voltage  measured  at  the  terminals  of  the  secondary 
is 


J.(K_^)-aiJ. 


If  there  were  no  losses  in  the  armatures  the  secondary 

V 

voltage  would  be  -^ 

Hence  the  expression  G,  (^\  +  R.^  represents  the  drop 
in  voltage  due  to  the  armature  resistances. 

Boosters. — Boosters  are  auxiliary  machines  employed 
to  increase  or  regulate  the  pressure  at  some  point  of  a 
distribution  system  supplied  with  current  from  some 
independent  source.  They  may  also  be  used  to  add  to 
the  normal  voltage  of  the  line  for  special  purposes,  such 
as  the  charging  of  accumulators  when  the  line  voltage  is 
not  sufficiently  high  for  the  purpose.  They  are  frequently 
used  to  increase  the  voltage  at  a  distant  point  in  a  system 
supplied  by  feeders  in  order  to  make  good  the  loss  of 
pressure  sustained  by  the  current  in  flowing  through  the 
resistance  of  the  feeders. 

The  general  mode  of  action  of  a  booster  is  as  follows  : — 

The  current  flowing  in  the  circuit  whose  pressure  is  to 
be  altered  is  sent  through  the  armature  of  the  booster,  the 
construction  of  which  is  similar  to  an  ordinary  dynamo. 
The  booster  is  driven  mechanically  by  a  motor  or  steam 
engine.  If  its  direction  of  rotation  is  such  that  the 
electromotive  force  generated  in  the  armature  of  the 
booster  is  in  the  same  direction  as  the  electromotive  force 
of  the  circuit,  then  the  booster  wiU  add  the  voltage 
generated  in  its  armature  to  the  voltage  of  the  source  of 
the  current.  The  pressure  of  the  circuit  is  then  said  to 
be  ^"boosted  up."  The  machine  is  called  a  ''positive 
booster "  under  these  conditions.  If  the  direction  of 
rotation  of  the  booster  armature  be  reversed,  the  electro- 
motive force  generated  will  oppose  that  of  the  source,  and 
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the  voltage  of  supply  is  then  said  to  be  "  boosted  down/ 
and  the  machine  operates  as  a  "  negative  booster." 

A  machine  may  be  made  to  act  positively  or  negatively, 
or  to  allow  the  current  to  flow  through  its  armature  without 
change  of  voltage,  by  altering  the  direction  or  amount 
of  the  exciting  current  in  its  field  windings.  It  is  in  the 
means  of  regulating  the  direction  and  strength  of  the  field 
that  most  of  the  differences  occur  in  the  boosters  as 
appHed  to  different  purposes. 

Two  experiments  are  given  to  illustrate  two  methods 
of  regulation. 

Separately  Excited  Booster. — The  method  of  exciting  a 
booster  described  in  the  first  experiment  is  often  of  use 
in  a  dynamo  test-house,  as  it  affords  a  means  of  obtaining 
any  required  voltage  either  above  or  below  the  available 
pressm^e  of  the  mains  without  the  necessity  of  employing 
a  motor  generator  or  special  dynamo  to  give  the  output 
required.  Practically  it  consists  in  putting  the  voltage 
of  an  auxiliary  generator  in  series  with  the  voltage  of  the 
mains. 

Experiment  XXVIII. — Test  of  a  Separately -excited 
Booster. 

Connections. — Couple  the  booster  to  a  motor  or  other 
means  of  driving.  Connect  one  of  its  terminals  to  one  of 
the  mains  supplying  the  current  at  the  pressure  wliich  is 
to  be  altered.  If  the  pressure  is  to  be  increased  by  the 
booster,  the  positive  brush  of  the  booster  must  be 
connected  to  the  negative  supply  main,  or  the  negative 
brush  to  the  positive  main.  If  the  pressure  is  to  be 
reduced,,  brush  and  conductor  of  the  same  sign  must  be 
joined.  Connect  the  other  terminal  of  the  booster  to  the 
load  circuit  to  be  supplied  with  current  at  the  altered 
voltage.  The  supply  main  which  is  not  connected  to  the 
booster  forms  the  other  conductor  to  supply  the  load 
circuit. 

Insert  an  adjustable  resistance  in  the  booster™field 
circuit   to  regulate   the   voltage   added   or   subtracted.* 

*  This  adjustment  can  also  be  made  by  means  of  resistance  in  the  field  circuit 
of  the  driving  motor,  by  which  the  speed  of  the  machines  may  be  varied.  The 
higher  the  speed  of  the  booster  the  higher  will  be  its  voltage. 
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Employ  a  variable  resistance  in  the  load  circuit  to  regulate 
the  load  current.  Put  in  series  with  it  an  ammeter  and 
switch. 

Insert  an  ammeter  in  the  supply  circuit,  and  connect 
voltmeters  across  the  supply  and  load  circuits  respectively, 
or  arrange  a  single  voltmeter  with  a  2-way  switch  to  read 
both  voltages.  Put  an  ammeter  in  the  booster  exciting 
circuit. 

Diagram    of  Connections. 


Fig.  104.— Separately  Excited  Booster. 

Mj  M.,  Supply  mains. 

M  Motor  armature 

D  Booster  armature. 

Fi  F„  Field  windings  of  motor  and  booster. 

Rj  Resistance     for   regulating    field    excitation  -  of 
booster. 

R.,  Resistance  for  varying  main  current. 

Aj  Ammeter  for  measuring  current  supplied. 

A,  Ammeter  for  measuring  load  current. 

A3  Ammeter  for  measuring  booster  exciting  current. 

Vi  Voltmeter  for  measuring  voltage  of  supply. 

Vo  Voltmeter  for  measuring  voltage  of  load  circuit. 

S  Switch  for  breaking  load  circuit. 

S  S  Starting  switch  for  motor. 

Note. — The  above  diagram  shows  the  booster  driven  by  a  motor.  It  may 
equally  well  be  driven  by  a  steam  or  other  engine.  In  that  case  the  main  current 
is  simply  sent  through  tlie  armature  of  the  booster  from  brush  to  brush.  The 
starting  switch  and  other  connections  for  the  motor  are  then  unnecessary. 
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Instructions. — Drive  the  booster  at  full  speed  ;  then 
adjust  its  exciting  current  by  means  of  the  resistance  Ri 
until  the  required  voltage  in  the  load  circuit  is  obtained,  as 
read  on  voltmeter  V..  Maintaining  this  voltage  constant 
(by  further  alteration  of  Ri  when  required),  close  the 
switch  S  in  the  load  circuit  and  gradually  increase  the 
load  current  by  decreasing  the  resistance  R..  For  each 
value  of  the  load,  read  the  current  and  voltage  in  the 
supply  circuit  on  Aj  and  Vi.  Read  the  load  current  on 
Ao,  and  the  speed  ;  also  the  exciting  current  on  Am- 
meter Ao. 

Enter  observations  as  in  the  table  given  below. 

The  figures  in  the  last  column  are  obtained  by 
dividing  the  output  by  the  input  and  multiplying  by 
100,  thus— 

-^^  .  Watts  output     -_- 

Efficiency  =  vxr-n— ^^^  :r  x  100. 
•^        Watts  mput 


TEST  OF  SEPARATELY-EXCITED  BOOSTER. 

Observer Date   

Booster  No Driven  by 

Output    Amps Speed  . . . . 

Voltage  of  supply Voltage  in  load  circuit 


Revolu- 
tions per 
Minute. 

Booster 
Exciting 
Current. 

Input. 

Output. 

Efficiency 

Volts. 

Amps. 

Watts. 

Volts. 

Amps. 

Watts. 

per  Cent. 

The  results  when  plotted  to  compare  output  and 
efficiency  give  a  curve  similar  to  the  efficiency  curve 
shown  on  Fig.  103  for  a  motor  generator. 

A  second  curve  should  be  plotted  comparing  the 
exciting  current  required  to  maintain  the  voltage  con- 
stant with  the  current  in  the  armature  of  the  boosting 
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machine.  Such  a  curve  is  shown  on  Fig.  105,  and  it  will  be 
seen  to  be  a  straight  line.  This  is  because  the  saturation 
of  the  magnetic  circuit  is  taken  low,  and  the  increase  of 
exciting  current  is  almost  exactly  in  direct  proportion  to 
the  loss  of  voltage  occasioned  by  armature  reactions  at 
increasing  loads. 

With  more  highly  saturated  fields  the  curve  would 
resemble  that  shown  in  Fig.  20,  page  75,  the  lower  portion 
of  which  is  straight,  while  the  upper  part  curves  upwards, 
showing  that,  as  the  fields  become  fully  saturated  a 
stronger  current  becomes  necessary  to  produce  the 
required  increase  in  magnetic  lines. 

The  curve  shoT\Ti  in  Fig.  105  gives  important  informa- 
tion where  it  is  desired  to  vary  the  excitation  automati- 
cally so  as  to  produce  a  constant  voltage  for  all  values  of 
the  main  current. 
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flo.  105.— excitation  of  separately  excited  booster  to  maintain  constant 

Voltage. 

Usually  it  will  be  necessary  to  design  the  booster  so 
as  to  give  this  curve  as  a  straight  line  in  order  that  an 
excitation  proportional  to  the  load  shall  be  able  to  main- 
tain the  voltage  constant. 

According  to  the  conditions  under  which  the  booster 
is  to  work,  it  may  be  necessary  to  vary  the  experiment  in 
various  ways. 

The  voltage  of  supply  may  vary  with  the  load,  while 
it  is  desired  to  keep  the  output  voltage  constant. 
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The  voltage  of  supply  may  be  constant  while  it  is 
necessary  to  vary  the  voltage  of  the  load  circuit — for 
instance,  in  order  to  charge  a  battery,  the  charging  voltage 
of  which  varies,  but  is  always  slightly  higher  than  its 
discharge  voltage. 

It  may  also  be  necessary  to  determine  how  the  booster 
voltage  alters  with  varying  loads  when  the  exciting 
current  is  kept  at  a  constant  value. 
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Fig.  ine.—EFKECT  of  Variation  of  Booster  Excitation  on  Line  Voltage. 

Effect  of  Varying  the  Field  of  a  Booster. — When  carried  out 
only  as  an  illustrative  experiment,  the  following  modifi- 
cation of  the  test  just  given  may  be  foimd  more  instructive 
and  more  interesting  by  the  student  and  may  consequently 
be  substituted  for  it  for  instructional  purposes. 

Connect  up  the  motor  and  booster  as  shown  in  Fig.  104 
page  299,  but  omit  the  load  resistance  R^,  as  the  booster 
is  to  be  run  without  load.  Run  the  machines  at  a  con- 
stant speed  and  vary  the  booster  excitation  from  a  low 
value  to  its  maximum  value,  reading  the  total  voltage  of 
the  line  on  Y!  as  before.  Proceed  then  to  decrease  the 
booster  field  to  zero  :  then  reverse  the  direction  of  the 
excitation  and  again  increase  to  its  full  value,  afterwards 
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diminishing  it  to  zero  as  before.  In  plotting  a  curve 
with  booster  excitation  horizontal  and  line  voltage 
vertical,  a  kind  of  magnetisation  cm^ve  for  the  machine  is 
obtained,  showing  the  range  within  which  the  booster  is 
able  to  regulate  the  line  voltage. 

Fig.  106  shows  the  nature  of  the  curve  which  is  ob- 
tained from  the  readings.  The  range  of  the  booster  in 
this  case  was  about  50  volts  in  either  direction.  It  was 
thus  able  to  vary  the  line  voltage  between  the  limits  of 
100  +  50,  i.e.,  150  and  100  -  50  or  50  volts. 

Sometimes  the  exciting  current  of  the  booster,  or  the 
exciting  current  (and  consequently  the  speed)  of  the 
driving  motor,  are  made  to  vary  automatically  by  being 
connected  to  some  point  in  the  distribution  system 
of  which  the  voltage  varies. 

In  such  cases  it  may  be  necessary  to  determine  before- 
hand the  variation  in  voltage  produced  by  given  variations 
in  the  exciting  current. 

Series-wound  Booster. — The  type  of  booster  which  forms 
the  subject  of  the  next  experiment  is  sometimes  used  for 
regulating  the  pressure  at  the  end  of  a  pair  of  feeders 
supplying  current  from  a  central  station  to  a  distant  part 
of  a  distribution  system  at  which  the  voltage  is  to  be 
kept  constant. 

The  loss  of  voltage  in  the  feeders  is  proportional  to  the 
strength  of  the  current.  It  is  therefore  necessary  for  the 
booster  to-  give  to  the  circuit  an  additional  voltage  equal 
to  the  loss  in  the  feeders,  i.e.,  proportional  to  the  current 
in  the  feeders. 

This  is  done  by  exciting  the  field  of  the  booster  by 
the  current  in  the  feeders,  which  flows  through  the  field 
windings  and  armature  in  series.  The  exciting  current  is 
thus  proportional  to  the  voltage  required  from  the  booster. 
It  is  consequently  necessary  that,  as  far  as  possible  the 
strength  of  the  field  should  increase  in  proport  on  to  the 
exciting  current.  This  can  on^y  be  attained  by  em- 
ploying a  low  degree  of  saturation  for  the  magnetic 
circuit,  so  that  the  working  current  shall  produce  an 
excitation  corresponding  to  the  straight  portion  of  the 
magnetisation  curve.  (See  Fig.  14,  page  48).  For  the 
straight  portion  of  the  magnetisation  curve,  the  increase 
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in  voltage  of  the  machine  is  proportional  to  the  excitation. 
Armature  reactions  Avill  prevent  an  exact  proportionality 
between  voltage  and  excitation  from  being  maintained. 
To  allow  for  this,  and  for  the  fact  that  the  magnetisation 
curve  is  not  exactly  straight,  extra  turns  have  to  be 
wound  upon  the  field,  which  will  cause  the  voltage  to 
increase  rather  too  rapidly  at  light  loads  and  less  at  full 
loads,  but  will  maintain  the  average  voltage  as  nearly 
constant  as  possible. 

Experiment    XXIX. — VoLTAGE    Regulation    by   Series 
Booster. 

Diagram  of  Connections. 


Fig.  107.— Regulation  by   Series  Booster. 

Ml  M.^  Supply  mains. 

M  Motor  armature. 

D  Booster  armature. 

Fj  F2  Field  windings  of  motor  and  booster. 

Ri  Resistance  for  regulating  excitation  of  motor. 

Ro  Resistance  for  varying  main  current. 

Aj  Ammeter  for  measuring  current  supplied. 

A.^  Ammeter  for  measuring  current  in  load  circuit. 

Vj  Voltmeter  for  measuring  voltage  of  supply. 

v..  Voltmeter  for  measuring  voltage  of  load  circuit. 

S  Switch  for  breaking  main  circuit. 

S  S  Starting  switch  for  motor. 

Connections. — Couple  the  booster  to   a  motor   or  other 
engine  for  driving  it  at  constant  speed. 

Note. — The  above  diagram  shows  the  booster  driven  by  a  motor,  for  which 
the  connections  are  shown.  It  may  be  driven  by  a  steam  or  other  engine.  In 
such  a  case  the  connections  will  be  as  shown,  except  that  the  motor  connections 
must  be  omitted,  including  Ri,  Fj,  and  M. 
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Connect  the  field  winding  of  the  booster  in  series  with 
its  armature,  and  connect  the  machine  in  the  main  circuit 
so  as  to  be  in  series  with  the  load  resistance,  a  switch, 
and  an  ammeter  for  measuring  the  load  current.  Care 
must  be  taken  to  connect  the  negative  booster  terminal  to 
the  positive  main  conductor  of  the  circuit,  so  that  the 
booster  when  excited  by  the  main  current  may  add  to  the 
voltage  of  the  circuit. 

Connect  a  voltmeter  to  read  the  pressure  of  "the 
supply  circuit,  and  a  second  voltmeter  to  measure  the 
voltage  increased  by  the  booster  and  supplying  the  load. 
(Both  readings  may  be  made  on  a  single  instrument  with 
a  2-way  switch  for  making  connection  to  either  terminal 
of  the  booster.)  If  driven  by  a  motor,  a  regulating 
resistance  should  be  put  in  the  motor  field  circuit  to  allow 
of  speed  regulation.  If  the  combined  efficiency  of  booster 
and  motor  is  required,  an  ammeter  should  be  inserted  in 
the  common  lead  supplying  both  the  motor  and  load. 

Instructions. — Drive  the  booster  at  normal  speed. 
Vary  the  current  in  the  load  circuit  by  alteration  of  Ro. 
For  each  value  of  the  load  read  voltage  of  supply  (on  Y,) 
the  voltage  apphed  to  the  load  circuit  (on  Vo),  and  the 
load  current  (on  A.,). 

If  the  efficieno}^  of  the  whole  apparatus  is  required, 
read  also  the  current  supphed  (on  A^). 

The  speed  is  to  be  kept  constant  throughout. 

Readings  should  be  entered  as  follows  : — 

TEST  OF  SERIES-EXCITED  BOOSTER. 

Observer Date 

Booster  No Driven  by  

Output amps.        Speed 

Voltage  of  supply Range  of  increase  of  voltage  


Bevolutions 

Input. 

Output. 

EflSciency 
per  cent. 

Booster 

per 
Minute. 

Volts. 

Amps. 
^1 

Watts. 
V\xA^ 

Volts. 
Fa 

Amps. 

Watts. 

V2  X  ^2 

Voltage. 

From  the  results  a  curve  should  be  plotted  showing 
the  efficiency  of  the  set  at  various  values  of  the  load. 
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A  curve  should  also  be  plotted  comparing  the  increase 
of  voltage  due  to  the  booster  with  the  load  current.  This 
has  been  done  in  Fig.  108. 
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-Voltage  Regulation  by  Series  Booster. 


[  'The  curve  is  straight  for  low  values  of  the  load,:^but 
tends  to  the  right  as  the  magnets  begin  to  get  saturated 
by  the  heavier  current.  In  the  case  illustrated  by  the 
Fig.  108,  an  approximately  uniform  increase  , of  voltage 
proportional  to  the  load  is  obtained  up  to  20  amperes,  the 
increase  being  3-72  volts  for  each  ampere  of  load.  Since 
the  saturation  causes  the  curve  to  indicate  a  rather  less 
increase  at  higher  loads,  the  magnet  windings  are  chosen 
to  give  a  rather  greater  increase  at  low  loads,  so  that  the 
average  increase  in  voltage  is  obtained  throughout  the 
entire  range  of  load. 

The  dotted  line  shows  the  increase  of  voltage  desired, 
to  which  the  actual  values  approximate  on  the  average. 

The  requisite  number  of  ampere-turns  to  produce  any 
desired  increase  in  voltage  is  found  from  a  magnetisation 
curve  as  previously  explained  in  the  case  of  a  shunt 
dynamo. 

The  experiment  on  the  series  booster  may  be  varied 
by  employing  a  low  resistance  in  the  main  circuit  to 
represent  the  resistance  of  a  pair  of  feeders,  and  deter- 
mining by  experiment  the  speed  at  which  a  given  series 
machine  must  be  run  in  order  just  to  compensate  for  the 
loss  of  voltage  in  this  resistance. 
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